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Abstrak 

Radio melalui optik mang bebas (Ro-FSO) adalah teknologi revolusi yang 
digunakan untuk menyepadukan radio dan rangkaian optik tanpa menggunakan 
kabel gentian optik yang mahal. Teknologi Ro-FSO memainkan peranan penting 
dalam menyokong penyambungan jalur lebar di kawasan pedalaman dan kawasan 
terpencil di mana infrastmktur jalur lebar semasa tidak dapat digunakan disebabkan 
kesulitan geografi dan ekonomi. Walaupun kapasiti Ro-FSO boleh ditingkatkan 
dengan pemultipleksan pembahagi mod (MDM), jarak penghantaran dan kapasiti 
masih terbatas oleh kekaburan arah yang pelbagai dan kehilangan gandingan mod 
akibat gelora atmosfera seperti kabus ringan, kabus nipis dan kabus tebal. Tujuan 
utama projek ini adalah untuk mereka bentuk satu sistem pemultipleksan pembahagi 
mod (MDM) untuk Ro-FSO untuk komunikasi jarak jauh dan pendek. 
Pemultipleksan pembahagi frekuensi berortogon (OFDM) dicadangkan untuk 
komunikasi jarak jauh untuk mengurangkan kekaburan pelbagai arah dan gentian 
kristal fotonik (PCF) dicadangkan untuk komunikasi jarak dekat bagi mengurangkan 
kehilangan gandingan mod. Keputusan yang dilaporkan mengenai skema yang 
dicadangkan untuk komunikasi jarak jauh menunjukkan 47% peningkatan kuasa 
yang ketara akibat kekaburan yang mendalam melalui perambatan pelbagai arah 
dengan menggunakan OFDM dalam sistem MDM-Ro-FSO berbanding tanpa 
OFDM. Keputusan yang dilaporkan mengenai skema yang dicadangkan untuk 
komunikasi jarak dekat menunjukkan 90.6% peningkatan kuasa dalam mod dominan 
dengan menggunakan PCF di dalam MDM-Ro-FSO berbanding tanpa PCF. 
Keputusan yang dilaporkan dalam tesis ini menunjukkan peningkatan yang ketara 
dalam sistem Ro-FSO berbanding dengan sistem yang terdahulu dari segi kapasiti 
dan jarak penghantaran di bawah keadaan cuaca yang baik dan juga di bawah 
pelbagai peringkat kabus. Sumbangan tesis ini dijangka dapat menyediakan 
perkhidmatan jalur lebar yang lancar di kawasan terpencil. 

Kata kunci: Komunikasi jarak dekat, Komunikasi jarak jauh, pemultipleksan 
pembahagi frekuensi berortogon (OFDM), gentian kristal fotonik (PCF) 
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Abstract 

Radio over free space optics (Ro-FSO) is a revolutionary technology for seamlessly 
integrating radio and optical networks without expensive optical fiber cabling. Ro­
FSO technology plays a crucial role in supporting broadband connectivity in rural 
and remote areas where current broadband infrastructure is not feasible due to 
geographical and economic inconvenience. Although the capacity of Ro-FSO can be 
increased by mode division multiplexing (MDM), the transmission distance and 
capacity is still limited by multipath fading and mode coupling losses due to 
atmospheric turbulences such as light fog, thin fog and heavy fog. The main 
intention of this thesis is to design MDM system for Ro-FSO for long and short haul 
communication. Orthogonal frequency division multiplexing (OFDM) is proposed 
for long haul communication to mitigate multipath fading and Photonic Crystal 
Fiber (PCF) is proposed for short haul communication to reduce mode coupling 
losses. The reported results of the proposed scheme for long haul communication 
show a significant 47% power improvement in deep fades from multipath 
propagation with the use of OFDM in MDM-Ro-FSO systems as compared to 
without OFDM. The results of the proposed scheme for short haul communication 
show 90.6% improvement in power in the dominant mode with the use of PCF in 
MDM-Ro-FSO as compared to without PCF. The reported results in the thesis show 
significant improvement in Ro-FSO systems as compared to previous systems in 
terms of capacity and transmission distance under clear weather conditions as well 
as under varying levels of fog. The contributions of this thesis are expected to 
provide seamless broadband services in remote areas. 

Keywords: Short haul communication, Long haul communication, Orthogonal 
frequency division multiplexing (OFDM), Photonic crystal fiber (PCF) 
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CHAPTER ONE 

INTRODUCTION 

Radio over free space optics (Ro-FSO) is one of the remarkable technologies for 

seamless integration of wireless and optical networks without using expensive optical 

fibers. The future of Ro-FSO technology aims to not only build a universal platform 

for distributing broadband services for wireless local area networks but also address 

the issue of scarcity of radio frequency spectrum and channel degradation by 

allocating frequency spectrum in a more flexible manner. Various atmospheric 

turbulences, particularly fog, can affect the transmission distance, bandwidth and 

capacity ofRo-FSO systems. On the other hand, Mode Division Multiplexing (MDM) 

plays a vital role in increasing the bandwidth of optical networks. The use of MDM 

may also increase the aggregate bandwidth of Ro-FSO systems. The main intention of 

this thesis is to design MDM scheme for Ro-FSO system to make it useful for 

distributing broadband services. 

This chapter aims to place this research thesis into context by first providing an 

introduction to Ro-FSO in Section 1.1 followed by the research motivation in Section 

1.2. This lays the foundation for the Problem Statement in Section 1.3, followed by 

Research Questions in Section 1.4 and Research Objectives in Section 1.5. The scope 

of this research is mentioned in Section 1. 6 whereas the key contribution of this thesis 

is presented in Section 1. 7. The organization of the rest of the thesis is presented in 

Section 1.8. 

1.1 Ro-FSO Transmission Systems 

Ro-FSO technology is promising for providing a ubiquitous platform for seamless 

integration of radio and optical networks without expensive optical fiber cabling. The 

last decade has experienced enormous growth in the development of optical 
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transmission systems in almost all parts of the world. The increasing demand for 

bandwidth due to proliferation of video and multifarious online services has inspired 

the generation of new optical techniques to accommodate the rise in number of 

subscribers. Due to the explosive growth of mobile subscribers and data surge, it is 

increasingly a challenge for the International Telecommunications Union (ITU) to 

allocate limited radio frequency (RF) spectrum among various wireless operators [l , 

2]. Ro-FSO is a prospective technology for addressing the growth of mobile 

subscribers, enabling transmission of multiple RF signals via a high-speed optical 

carrier without expensive optical fiber cabling or licensing for RF solutions. In Ro­

FSO, utilizing an optical carrier exploits a different segment of the electromagnetic 

spectrum for the mobile backbone, thus alleviating RF spectrum congestion issues in 

current wireless networks. Ro-FSO harnesses the merits of both radio-over-fiber 

(RoF) and free-space optical (FSO) technologies [3]. As with RoF, Ro-FSO allows 

expensive equipment responsible for processes such as RF up-down conversion, 

handoff, switching, coding and multiplexing to be centralized and shared among all 

base stations [ 4]. In addition, the ability of RoF technology to distribute the RF 

signals at large bandwidths, low attenuation losses and low power consumptions are 

some of the main benefits of RoF technology shared by Ro-FSO [5 , 6]. These features 

assure compatibility with existing mobile cellular architectures. On the other hand, in 

contrast to RoF, FSO allows the transportation of data signals through the atmosphere 

instead of optical fiber, thus eliminating the need for exorbitant optical fiber 

installations and allowing for rapid adoption. The schematic scenario of Ro-FSO 

implementation is illustrated in Figure 1.1. 
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Figure 1.1. Scenario ofRo-FSO Implementation 

To increase the capacity of Ro-FSO system, researchers have used polarization 

division multiplexing (PDM) scheme [3, 7-9] and wavelength division multiplexing 

(WDM) scheme [10-12] . However, these multiplexing schemes are still insufficient to 

cope with the demands of Ro-FSO systems. MDM scheme can ful fil the requirement 

of high bandwidth by transmitting various channels over single communication link 

with the use of different modes. Recently, many researchers have used MDM in 

optical networks to increase the capacity as well as bandwidth [13-17]. 

Hence, MDM-based Ro-FSO can become fascinating as an enabling ubiquitous 

platform for seamless integration with RF wireless networks to extend the achievable 

capacity of current wireless networks rapidly and cost effectively. Moreover, Ro­

FSO, as a significant and cost-efficient technology used across the 

telecommunications sector, is appropriately applicable as a universal platform for 

enabling seamless convergence of fiber and free-space optical communication 

networks. Featured with rapid deployment, the technology supports high broadband 

transmission with high security [18, 19]. It is also capable of extending the reach of 
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the optical fiber backbone and can be used in disaster recovery situations. These 

features empower the Ro-FSO technology to extend broadband connectivity to even 

underserved areas while ensuring last mile access and serving as fiber back up. 

Therefore, Ro-FSO technology plays a crucial role in supporting broadband 

connectivity in rural and remote areas as well as in increasing opportunities for 

enterprises [20]. 

1.2 Research Motivation 

The increasing number of subscribers in wireless radio networks over recent years has 

incurred a strain on its bandwidth [21]. Due to the limited availability of radio 

frequency (RF) spectrum, it has been a challenge for ITU to allocate the available 

spectrum among the mobile operators. The total number of mobile subscribers in 

2015 reported by the ITU is 7.2 billion [22] . According to a survey by Ericsson, 

annual mobile data traffic saw an increase of 65% in 2015 which is assumed to grow 

ten times bigger by the end of 2021 [23]. Moreover, a growing number of connected 

devices, predictably 26 billion connected devices, are likely to develop through a wide 

range of applications and business models at lower modem costs by 2020 [23]. 

To cope with the bandwidth increase of current wireless radio networks, more users 

have been accommodated by reducing the cell size and operating in 

microwave/millimeter frequency band so that the spectral congestion is avoided in 

lower frequency bands [24]. This requires a large number of base stations to 

accommodate the service area which further increases the cost and system 

complexity. 

FSO has thrived in application in high-speed wireless networks as it provides valuable 

features that are vital to transfer the traffic to the fortitude of optical fiber [25-27]. In 

addition, FSO uses point-to-point laser signals for negligible interception which 
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makes transmission secure [28]. Other merits of FSO include high capacity, low 

power consumption, light weight, small sizes and low implementation costs [29-32]. 

The integration of RoF with FSO alleviates the last mile problem of high data 

networks [12, 33-37] and reduces costs for wireless operators [38, 39]. Significant 

research in Ro-FSO has focused on experimental measurements [3 , 12, 40] and 

statistical modeling [10, 37, 41 , 42] under various atmospheric turbulence and 

scintillation effects in Ro-FSO systems. 

To improve channel performance in free space optical communications, researchers 

have found innovative methods for multiplexing several data streams for increasing 

channel diversity and for reducing signal degradation. Multiplexing of data in the 

wavelength [12, 43, 44], time [45-47], polarization [48, 49], intensity [50-52], phase 

and code [53, 54] dimensions have been rigorously explored. Nevertheless, mode is 

still an un-capitalized dimension which may be valuable for Ro-FSO communication 

systems. In optical communications, Eigen modes are used in mode division 

multiplexing (MDM) to propagate various channels on different modes generated by 

various mechanisms including spatial light modulators [55-58], optical signal 

processing [59, 60], few mode fiber [61-63], photonic crystal fibers (PCF) [64-66] 

and modal decomposition methods [67, 68]. 

Although, MDM in Ro-FSO systems can be used to increase transmission capacity, 

atmospheric turbulence due to fog degrades the signal quality and leads to deep fading 

of the radio subcarriers [ 69, 70]. 

Few Mode Raman Amplifiers, Few Mode Erbium Doped Amplifiers and multi core 

erbium doped amplifiers have been used for mitigating mode coupling losses in 

optical fiber communications but these have drawback of expensive cost and 

complexity. Solid-core photonic crystals fibers (SC-PCF), which were previously 

used in optical fiber communications for dispersion compensation [71 , 72] and have 
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advantage of excellent birefringence and dispersion properties [73] but have not been 

used in MDM Ro-FSO systems. For the first time in the literature, it is proposed that 

SC-PCF be adapted for mode coupling mitigation in MDM Ro-FSO systems. Thus, 

the SC-PCF will be designed to convert a pure Gaussian beam into the desired mode 

for launching into a MDM-Ro-FSO channel and to filter noisy modes at the receiver 

due to the fog-attributed atmospheric turbulence. 

On the other hand, orthogonal frequency division multiplexing (OFDM) is an 

established technique in wireless communications for alleviating frequency-selective 

fading and narrow-band interference, having been approved for several digital 

communication standards including IEEE 802 .11 local area network and IEEE 802 .16 

wireless broadband [74-76]. OFDM outperforms other fading mitigation technique's 

such as code division multiple access (CDMA), frequency division multiple access 

(FDMA) and time division multiple access (TDMA) for higher data rate applications 

[77]. In this thesis, to alleviate the effects of fog in MDM Ro-FSO systems, OFDM is 

proposed for addressing the effects of multipath fading of radio subcarriers and PCF 

based equalization scheme is proposed for addressing mode coupling losses. 

1.3 Problem Statement 

Current broadband infrastructure contains expensive licensing and optical fiber 

infrastructure, which is not applicable for some rural and underserved areas [78] due 

to geographical and economic inconvenience [79]. Ro-FSO communication can 

replace current broadband infrastructure by transporting optical data signals through 

atmosphere without any expensive optical fiber. 

Although MDM Ro-FSO increases the number of channels and aggregate capacity, 

the transmission distance and capacity is still constrained by multipath fading and 

mode coupling [62, 80-82] due to atmospheric turbulences as shown in previous 
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works (Table 2.3). The use of OFDM in Ro-FSO system can reduce multipath fading 

[83-86]. On the other hand, mode coupling may be compensated by the use of an 

equalization scheme [87-89]. Thus, the concise problem statement for this thesis is the 

subcarrier multipath fading and mode coupling losses due to atmospheric turbulences, 

particularly fog, in Ro-FSO confines the transmission distance and capacity. 

1.4 Research Questions 

The research aims to solve the following questions: 

1. How would an MDM scheme be designed to mitigate radio subcarrier multipath 

fading due to fog in Ro-FSO for long-haul communication? 

2. How would a power equalization scheme be designed to filter noisy modes due to 

fog in Ro-FSO to reduce the broadening of the channel impulse response for short­

haul communication? 

3. What is the performance of MDM Ro-FSO in conjunction with OFDM and power 

equalization? 

1.5 Research Objectives 

The broad objective of this research is to design a MDM scheme in conjunction with 

OFDM and PCF equalization for Ro-FSO transmission systems. Specific objectives 

are elucidated as follows: 

1. To design an OFDM-integrated MDM scheme for mitigating radio subcarrier 

multipath fading in Ro-FSO for long-haul communications. 
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2. To design a PCF-integrated MDM equalization scheme for optimizing mode 

distribution in Ro-FSO for short-haul communications. 

3. To evaluate the performance of OFDM-MDM and PCF-MDM schemes in Ro­

FSO by using the key metrics of mode spectrum, constellations, signal to noise 

ratio (SNR), bit error rate (BER), eye diagrams and received power. 

1.6 Research Scope 

This research focuses on the design of OFDM-MDM and PCF-MDM schemes for Ro­

FSO transmission systems to mitigate atmospheric turbulences as well as to increase 

the bandwidth for long haul and short haul communication. The main scope of this 

research is highlighted by a circle, as shown in Figure 1.2. In this thesis, long-haul 

communication is considered to be more than the distance of 40 km, whereas short­

haul distance is considered to be less than 5 km. 

I r 
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This thesis is organized in six chapters, where the following is a summary of key 

chapter highlights: 

Chapter One covers the introduction of Ro-FSO, motivation of the research, problem 

statement, research questions, research objectives, scope of the research and research 

contributions. 

Chapter Two provides an extensive literature review outlining an overview of optical 

communications, current progress m radio-over-fiber technology, current 

developments in MDM free-space optical systems, recent advances in MDM Ro-FSO 

transmission systems and challenges in MDM Ro-FSO systems. Mitigation and 

bandwidth enhancement techniques for MDM Ro-FSO systems are also addressed. 
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Chapter Three is focused on the research methodology used for achieving the 

research objectives. 

Chapter Four is focused on the design, simulations and evaluation of the proposed 

MDM-OFDM-Ro-FSO transmission system. 

Chapter Five is focused on the design, simulations and evaluation of the proposed 

MDM-PCF-Ro-FSO transmission system. 

Chapter Six covers the overall conclusion of this theses as well as future scope of 

this research. 
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CHAPTER TWO 

LITERATURE REVIEW 

This chapter explores technologies and recent developments related to the proposed 

research on MDM-Ro-FSO system. The chapter provides an overview of optical 

communication systems and essential enabling technologies for achieving high 

capacity systems. Ro-FSO technology inherits features from both FSO 

communication systems and RoF communication systems, as illustrated in Figure 2.1. 

Considering that both RoF and FSO systems have advantages over one another, it is 

vital to analyze current developments in both RoF and FSO systems. Section 2.2 

reviews the main principles of RoF and provides an insight into recent developments 

in RoF systems. Section 2.3 examines the principles of FSO and compares various 

implementations of FSO systems. Section 2.4 describes primary research in Ro-FSO 

systems leading to the development of a new Ro-FSO system. Section 2.5 describes 

the various challenges in Ro-FSO systems, Section 2.6 describes the principle of 

MDM, Section 2.7 describes the principle of OFDM followed by Section 2.8 which 

describes the principle of PCF. 

2.1 Overview of Optical and Radio Communication Systems 

Over the last decade, optical communication system has advanced m terms of 

capacity, connectivity, and architecture. Recent key enablers for multi-terabits optical 

communication systems are high-speed modulators [90, 91] and high-speed 

photodetectors [92, 93], optical amplifiers [94, 95], and silicon photonics [96]. On the 

electromagnetic spectrum, there are two windows typically used for modem 

broadband communication. The first window span covers the operating range from 
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100 KHz to 300 GHz or long wave radio to millimeter range, which has been widely 

used in our daily life such as television broadcasting, cellular networks, local area 

networks, and metropolitan area network. The second window span covers the 

frequency range from 300 GHz to 300 THz which lies in the infrared region of the 

electromagnetic spectrum [97]. 
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Due to the shortage of available spectrum in RF microwave range, most of the data 

rates are eclipsed below gigabit per second [98, 99]. Data bandwidth increase to 2.5 

exabytes has brought up the scarcity issue of radio frequency (RF) spectrum among 

wireless operators resulting in intense bandwidth competition among them [l , 100]. 

RoF can transport radio signals over optical fiber for integrating wireless networks 
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with optical networks. However, fiber cable installation is expensive. On the other 

hand, Ro-FSO can provide an appropriate solution to this scarcity issue as it transmits 

RF signals through high-speed optical carrier and does not require any expensive 

optical fiber cabling [ 4-7]. Ro-FSO can also be used in electromagnetic spectrum for 

improving congestion issues in wireless networks. Moreover, it can be used in various 

processes including handoff, RF up-down conversion, switching, coding and 

multiplexing through centralized or shared base stations [8-9]. 

In distinction, due to massive bandwidth over several terahertzes (THz) in the second 

window, optical systems can provide an astounding capacity of 100 Gbps and beyond 

[ 101-105]. Earlier, optical fiber was used as introductory formation for the long-haul 

communication systems, but now optical fiber communication systems are 

extensively used in almost all metro networks . Optical systems are used as medium of 

transmission at a very high speed since mid of 1990s. Low cost, high bandwidth, 

immunity to electromagnetic radiations, and no cross talk are some of the benefits of 

optical systems [106]. The increasing demand for high bandwidth due to the advent of 

real-time multimedia services in the early 21 st century spurred on various 

multiplexing schemes in the fifth generation optical systems, used individually or in 

combination with one another, comprising wavelength division multiplexing (WDM) 

[107-111], OFDM [112-116], intensity multiplexing [117], polarization multiplexing 

[118-120], subcarrier multiplexing (SCM) [116, 121-123], and code division multiple 

access schemes [ 124-126]. In addition, multi-level modulation schemes such as 

quadrature phase shifting keying (QPSK) [127-129], quadrature amplitude 

modulation (QAM) [130-133], and binary phase shift key (BPSK) [6, 134, 135], as 

well as coherent detection [136-138] were employed to further increase data rates and 

improve spectral efficiency. Unfortunately, the achievable optical signal-to-noise ratio 

at the receiver is restricted by the nonlinear characteristics of silica optical fiber [ 139]. 
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Furthermore, higher order modulation formats are usually less tolerant to the 

nonlinearity due to power variation [ 106]. In view of the limits imposed by optical 

fiber nonlinearity and current multiplexing schemes, MDM is emerging as a potential 

technology for breaking through the bandwidth-distance product and spectral­

efficiency barriers. In MDM, laser beams of specific mode or mode groups are used to 

transmit distinct data signals in a multimode fiber, resulting in different parts of the 

spectrum utilized for each channel [140]. By controlling the incident field, the 

impulse response of each channel may be optimized [141, 142]. Further, MDM-based 

network systems can increase transmission capacity by using solid-core photonic 

fibers (SC-PCFs) through selective excitation [65, 143]. SC-PCF is a mode-filtering 

device that includes a solid core at the center with a modal profile, periodic air holes, 

and a large numerical aperture that enables strong guidance [36]. SC-PCF can 

assemble the launch beam into an MDM-Ro-FSO network which further enhances its 

impulse response and bandwidth. 

Current work aims to transfer the principles of MDM, OFDM, SC-PCF, and multi­

level modulation formats used in optical fiber communications to the Ro-FSO domain 

for improving spectral efficiency and mitigating channel noise. This chapter 

extensively discusses the applications of MDM, OFDM, and multi-level modulation 

formats in RoF, FSO, and Ro-FSO systems as well as in the design of an MDM 

scheme for Ro-FSO. 

2.2 Radio over Fiber (RoF) 

Radio over fiber is very attractive solution of merging radio networks with optical 

networks by transporting radio signals over optical fiber. Section 2.2.1 discusses 

about principles of RoF and Section 2.2.2 discusses about recent work of RoF. 
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2.2.1 Principles of RoF 

To fulfill the demand of subscribers for broadband or other multimedia services, 

cellular networks need to accommodate more users by reducing the cell size and to 

operate in microwave/millimeter frequency band so that spectral congestion is 

avoided in lower frequency bands. This requires large number of base stations (BSs) 

to accommodate the service area which increases the cost and system complexity. BS 

is thus considered as the success factor in the market [144]. Further, it led to the 

enhancement of system architecture that involves various functions such as handover, 

signal routing and processing, and frequency allocation at the central control station 

(CS). This type of centralized configuration can locate sensitive equipment in safe 

environments while sharing the component expenses among the BSs [145]. CS can be 

alternatively linked with BSs through an optical fiber network due to its low loss, no 

electromagnetic interference (EMI) and broad bandwidth [146]. 

In order to minimize cost, radio signals over fiber can be transmitted by connecting to 

a CS through simple optical-to-electrical conversion and radiation at remote antennas. 

Cost reduction can happen in two ways: a) BS remote antenna or radio distribution 

point can perform simple functions in small size and low cost, and b) CS-based 

resources can be shared among BS antennas [147]. This technique is known as Radio 

over Fiber (RoF) where radio frequency (RF) subcarrier is modulated onto an optical 

carrier to distribute via fiber network. 

The simplest technique of distributing the radio signal over fiber is direct transmission 

of radio signal without any conversion known as RF over an optical fiber as shown in 

Figure 2.2. The RF links, for distributing RF signals over fibers, were started 24 years 

ago. The first commercial RF link for transportation of Cable television (CATV) 

signal ( analog) was available in 1990 [ 148]. RoF technology has been the driver for 

sharing the expensive equipment responsible for processes such as coding and 
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decoding, multiplexing and de-multiplexing, and frequency up-down conversion from 

the centralized station to all base stations. 

AIIRF 
Processes 

Figure 2.2. RoF Architecture 

Base 
Station 

This effectively reduces cost and system complexity. The main benefits of RoF 

technology include its ability to distribute the RF signals at larger bandwidth, low 

attenuation losses, immunity to radio frequency interference, low power consumption, 

and ease of deployment [149]. The system configuration is arranged in such a manner 

that all the expensive processes including handoff, switching, RF up/down 

conversion, coding and multiplexing are carried out at central station and shared 

equally with all base stations by using fiber feeder network [ 150]. 

The main benefits of RoF technology are listed below. 

• Low Attenuation: RoF transmits information in the form of light signals over 

optical fibers with low attenuation [ 151 , 152]. Unlike expensive coaxial 

transmission cables, single-mode optical fibers in the market offer 0.2 dB/km 
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and 0.5 dB/km for operating wavelength of 1550 nm and 1350 nm 

respectively. 

• High Bandwidth: Optical fibers offer tremendous bandwidth and high 

transmission capacity for three windows of 850 nm, 1350 nm, and 1550 nm 

along with more than 50 THz of bandwidth by a single-mode fiber. High 

bandwidth can also help mitigate difficult or impossible signal processes in 

electronic system [ 15 3]. 

• Electromagnetic Interference (EMI) Immunity: Optical fibers offer 

electromagnetic interference immunity through signal transmission in the form 

of light, which results in radio signal transportation as well as secure and 

private immunity [154]. 

• Low Power Consumption: RoF technique can be used in most of the 

complex and expensive processes such as signal processing, handoff, RF up­

conversion, down-conversion, switching, coding, multiplexing, etc. mainly for 

its low power consumption at the central station shared among all base 

stations. 

• Multiple Service Capability: RoF systems feature enhanced transmission 

capacity due to wavelength division multiplexing (WDM) [155] and subcarrier 

division multiplexing (SCM) [156] which transmit large number of radio 

signals over single optical fiber with increased economic benefits. 

2.2.2 Recent Work in RoF 

In 2009 [157], 1.25 Gbps with 8 GHz was transported over 23 km single mode fiber 

(SMF) by employing subcarrier multiplexing scheme incorporating WDM and 

semiconductor optical amplifier (SOA) techniques. The authors experimentally 

demonstrated a bidirectional RoF link which supports transmission of 8 channels in 
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uplink as well as downlink with acceptable bit error rate (BER). In 2010 [158], the 

performance of OFDM is investigated for 13.87 Gbps transmission at 60 GHz over 3 

km SMF fiber and 3m wireless link by utilizing QPSK. The power penalty is reported 

as less than 3 dB without any need of compensation scheme. 

In an experimental work [159], 28 Gbps-60 GHz data is transported over a 25 km link 

by employing 16 QAM-OFDM schemes. Moreover, three RoF systems are 

investigated by employing frequency doubling, sextupling, and optical conversion 

techniques. The constellations are measured for each RoF system illustrating that 

optical conversion scheme performs better as it supports 28 Gbps data rate as 

compared to frequency doubling and sextupling schemes which are limited to 13.8 

Gbps at 30 GHz and 20.73 Gbps data rate respectively. In 2011 [160], 40 Gbps data at 

75 GHz is transported over 30 mm wireless link with the aid of horn antenna by using 

optical single side band (OSSB) scheme. In this experiment, polarization-based 16 

QAM scheme is compared by combining two optical QPSK signals before the optical 

modulator, which results in the ease of controlling the bias voltage of modulator. The 

results are reported in terms of BER and constellations which show that 16 QAM 

performs better with less BER as compared to QPSK signal. 

In an another experiment [161], 2 X 2 multiple-input-multiple-output (MIMO) 

scheme is employed to transmit 50 Gbps-60 GHz data over a 1 km fiber link and 30 

mm wireless link by comparing QPSK, 8 QAM and 16 QAM modulation techniques. 

16 QAM achieved the highest data transmission of 50 Gbps with acceptable SNR and 

precise constellations as compared to QPSK and 8 QAM which support the data rate 

of 28 Gbps and 42 Gbps respectively. In an another simulation work [162], a 

bidirectional RoF link is established over the optical span of 30 km which supports 

data transmission of 10 Gbps-60 GHz in downstream and 2.5 Gbps-60 GHz in 

upstream. The results are reported in terms of constellations and BER, elucidating that 
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proposed system is efficient for bidirectional transmission by adopting 16 QAM 

modulation format. 

In 2013 [ 163], 51 Gbps-60 GHz is transported over a 1 km optical link and 4 m 

wireless link using MIMO-OFDM. In this experiment, the performance of QPSK, 8 

QAM, 16 QAM, 32 QAM, and 64 QAM modulations are investigated and results are 

reported in terms of BER and constellations. The measured constellations and BER 

revealed that data transmission of 28 Gbps and 42 Gbps is achieved by QPSK and 8 

QAM modulation formats respectively with acceptable BER. 32 QAM and 64 QAM 

systems failed to transmit the 70 Gbps data whereas 16 QAM successfully transmits 

the data rate of 51 Gbps with high spectral efficiency of 8b/s/Hz. 

In 2014 [ 164], authors have demonstrated transmission of 22 Gbps -100 GHz over 

fiber link having span of 150 km and 3 m wireless by employing dirrect detection 

OFDM scheme. In this experiment, QPSK and pilot aided phase noise suppression 

(PANP) techniq_ues are utilized to overcome the effect of chromatic dispersion (CD) 

in the fiber link. The results are reported in terms of SNR and constellations which 

showed that by adopting QPSK and P ANP techniques, BER and CD is improved, 

resulting in high data transmission up to longer distances. 

Similarly, in another simulation work [165], a full duplex 40 Gbps-60 GHz RoF link 

is employed over the optical span of 30 km by incorporating 16 QAM. In this work, 

homodyne/heterodyne coherent detection is used to receive the optical signals at the 

receiver side. In 2015 [166], 25 Gbps-60 GHz data is transmitted over 22 km fiber 

with 2 m wireless link by adopting OFDM scheme and pre-compensation scheme. 

Without 2 m wireless link, transmission link prolongs to 50 km of fiber with 

acceptable forward error correction limit. In another experiment [167], 40 Gbps-60 

GHz radio data is transmitted over 150 km fiber by using OFDM and 4 QAM 

modulation. Optical heterodyne method is used to generate 60 GHz millimeter signal. 
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In 2016 [168], authors have demonstrated transmission of 4.46 Gbps OQAM radio 

signals over 2 km 3-core fiber with wireless link of 0.4 m by using OFDM technique. 

In another experiment [169], 40 Gbps-60 GHz radio signal is transported over long 

haul 150 km optical fiber by using QPSK and OFDM scheme. The authors have used 

EDF A and dispersion compensated fiber as post compensation technique. In another 

experiment [170], authors have demonstrated transmission of 5 Gbps, 3.75 Gbps and 

2.5 Gbps radio signals over 1 km few mode fiber (FMF) with 10 cm wireless link by 

using 16 QAM-OFDM, 8 QAM-OFDM and 4 QAM-OFDM scheme respectively in 

conjunction with MDM scheme. LP 00 and LP 01 modes are used for MDM scheme. 

In another experiment [ 171], authors have demonstrated proof of concept of 

transmission of 4G LTE signal and 35.4 GHz radio signal over 40km fiber by using 

OFDM and 256 QAM scheme. Table 2.1 compares the key works in RoF systems 

based on OFDM, SCM and multi-level modulation formats. 

RoF technology is a relevant name in the wireless market for its immense support of 

ever-growing data traffic volumes. It uses optical fibers for distributing radio signals 

among different locations. However, it is difficult to install optical fibers in areas such 

as mountains, metropolitan cities, etc. Free space optics (FSO) can be used as an 

appropriate alternative in places where fiber installation is not feasible practically, 

since it uses atmosphere instead of optical fibers for data transmission. From the table 

it shows that, OFDM, QPSK and QAM are used widely as modulation format in RoF 

system. 
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2.3 Free Space Optics (FSO) 

Free Space Optics (FSO) is one of the pioneer technologies to realize the future of 

broadband networks. The transportation of signals by using the atmosphere as a 

medium instead of fiber is referred to as FSO. Section 2.3.1 discusses principles of 

FSO whereas Section 2.3.2 discusses the related work of FSO. 

2.3.1 Principles of FSO 

The FSO has the combined characteristics of the most prevailing communication 

technologies, i.e., fiber optics and wireless access. FSO has the same working 

mechanism as fiber optics, the only difference being that FSO utilizes the atmosphere 

for transmission of signals instead of guided medium as in fiber optics. The 

transmitting lens projects the light signal in the atmosphere towards the receiving 

lens, which further connects to high sensitivity receiver via optical fiber. FSO has 

become a very intriguing technology to researchers as an alternative for replacing 

existing wireless networks due to its ability to cope with high speed networks. In 

addition, due to its imperceptible interference by employing point-to-point laser 

signals, it provides secure transmission as compared to the optical fibers. The 

deployment of FSO in urban areas is schematically illustrated in Figure 2.3. 
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Figure 2.3. Deployment ofFSO 

The main advantage of FSO is that contrary to radio frequency communications, no 

license is required for transmission in FSO. Moreover, low power consumption, high 

capacity, small sizes, light weight, and low price are other credits of FSO 

implementation [174, 175]. 

2.3.2 Recent Work in FSO 

In 2010 [176], 112 Gbps data was transported over 2 km FSO link by incorporating a 

polarized- multiplexed QPSK scheme. In this work, four channels of 7 Gbps each are 

multiplexed with two Mach-Zehnder modulators (MZM) which are further polarized­

multiplexed to realize transmission ofl 12 Gbps data under the effect of low, moderate 

and high scintillations. The results are reported in terms of constellations and BER 

which state that 5-12 dB improvement with twice the data rate is noted in polarization 

multiplexing as compared to without polarization multiplexing. 

In 2011 [177], the effect of scintillation was investigated over FSO link of 1 km by 

utilizing a non-return-to-zero (NRZ) modulation scheme. In this work, attenuations 
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are theoretically calculated for different scintillations (low, medium, and high) and 

verified by the simulations. In another experiment [ 178], the effect of tropical climate 

is investigated by implementing the FSO link having span of 5 km between two points 

in Malaysia. In this work, FSO link is implemented practically between Ex 

Engineering, IIUM and Batu Caves, Malaysia under tropical climate and the effect of 

rain, scintillations, geometrical attenuations, molecular attenuations, and haze are 

investigated. 

In 2012 [179], the author experimentally verified the FSO link for indoor applications 

by comparing on-off keying (OOK)-NRZ, OOK-retum-to-zero (RZ) and pulse 

position modulation (PPM) schemes. The FSO link having a span of 5.5 m under 

effect of fog is tested in the laboratory in terms of Q factor, eye diagram by 

transmitting 1 Gbps, 100 Mbps and 1 Mbps data, highlighting that PPM scheme is the 

best as compared to OOK-RZ and OOK-NRZ modulation schemes. In another 

experiment [1 80], MDM, polarization multiplexing and orbital angular multiplexing 

(OAM) are employed to transmit 1.37 Tbps and 2.65 Tbps of data over FSO link 

without consideration of atmospheric turbulences. This experiment is focused on 

utilization of modes for carrying the data over FSO link by utilizing 16 QAM scheme. 

The authors successfully demonstrated the transmission of four mode division 

multiplexed OAM beams having 171.2 Gbps data each (171.2 X 4) and then polarized 

multiplexed with 2 states, thereby achieving a total capacity of 1.37 Tbps (171.2 X 4 

X2). 

In 2013 [181], 40 Gbps using QPSK modulation was transported over a FSO link by 

incorporating OAM multiplexing under atmospheric turbulences for indoor 

applications. In this experiment, the effects of strong, weak, and moderate turbulence 

is investigated over FSO link in laboratory. In another work [182], 1 Gbps and 2 Gbps 

of data are transported over FSO link of 1 km by employing QAM modulation under 
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the effect of atmospheric turbulences. Scintillations, geometrical attenuations, and 

atmospheric attenuations are considered as atmospheric turbulences in this work. In 

2014 [183], 2.5 Gbps data was transported over a FSO link having a span of 8 km by 

employing NRZ modulation. In that work, no atmospheric turbulences are considered 

as clear weather is assumed. 

In 2014 [184], authors have demonstrated simulative transmission of 1 Tbps data over 

5km FSO link by using coherent OFDM scheme. They have also compared the 

performance of optical double side band (ODSB) and Optical Single Side Band 

(OSSB) modulation. The results are reported in terms of SNR and total received 

power which shows that OSSB performs better as compared to ODSB. In another 

simulative work [185], authors have transmitted of 2.5 Gbps and 5 Gbps over 5 km 

FSO link by using coherent OFDM scheme. Moreover, authors have also evaluated 

the performance of system under various atmospheric turbulence which shows that 

under the influence of low fog, the FSO link prolongs to 2.2 km and 2 km, under the 

influence of mild fog, the FSO link prolongs to 1.3 km and 1 km, under the influence 

of dense fog, the FSO link prolongs to 0.6 km and 0.5 km for the transmission of 2 

Gbps and 5 Gbps respectively. 

In 2015 [ 186], authors have demonstrated transmission of BPSK and 4 QAM radio 

signal over 5 km FSO link by using time division multiplexed (TDM) and OFDM 

scheme. The reported results show that OFDM performs better as compared to TDM 

scheme. In another simulative work [ 187], the authors have demonstrated 

transmission of 20 Gbps data over FSO link by using OFDM and semiconductor 

amplifier (SOA). The FSO link prolongs to 260 km under clear weather conditions 

whereas under influence of heavy fog, FSO link prolongs to 4 km. 
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In 2016 [ 188], authors have demonstrated simulative transmission of 10 Gbps data 

over 1.8 km by using QAM, OFDM and square root module schemes. The reported 

results show improvement of SNR with the use of square root modulator. In another 

work [189], the authors have proposed consecutive polarization modulation (CoiPM) 

to transmit OFDM signal over FSO channel with turbulences. The reported result 

shows significance improvement in SNR in case of CoiPM-OFDM system as 

compared to intermediate detection (IM -OFDM) system. In another work [ 190], the 

authors have reported 40 Gbps data over 4 km FSO link by using dense wavelength 

division multiplexing (DWDM) and return to zero (RZ) scheme. Recently in 2017 

[ 191], the authors have demonstrated transmission of 1 Gbps data over FSO link in 

Changsha city, China under the influence of heavy rain by adopting spectrum slicing 

WDM scheme. The reported results show improvement of BER in case of spectrum 

slicing WDM as compared to ordinary OFDM. In another work [1 92], comparison of 

1550 nm, 850 nm, 650 nm and 532 nm is done to transmit data over 1 km FSO link 

under atmospheric turbulences. The reported results show that transmission at 

1550nm is best as compared to other wavelengths. 

Table 2.2 analyzes the key works in FSO based on OFDM, SCM and multi-level 

modulation formats. Thus, FSO provides an appropriate solution for all future 

broadband networks that can transmit high-speed and secure data. It uses point-to­

point laser signals with lower errors. Other benefits of using FSO are: high-end 

capacity, low power consumption, free license, light weight, small size and low price. 

However, it cannot transmit radio signals unless RoF technology is combined with 

FSO. This combination of FSO and RoF has given way to another revolutionary 

technology known as radio over free space optics or Ro-FSO. From the Table 2.2, it 

shows that OFDM, QAM and QPSK are widely used as modulation formats in FSO. 
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2.4 Radio over Free Space (Ro-FSO) 

The ever-increasing demand of the bandwidth required for the future pervasive 

wireless networks has led to the researchers to develop new approaches to fulfill the 

data rate and bandwidth needs by the explosive growth of the subscribers. Radio over 

free space (Ro-FSO) is one of the emerging technologies which utilize the features of 

both RoF and FSO technologies. FSO is viable for transporting radio signals 

modulated by an optical carrier through a free-space link. This is referred to as Ro­

FSO systems. 

Section 2.4.1 discusses principles of Ro-FSO, Section 2.4.2 discusses the mam 

applications of Ro-FSO whereas Section 2.4.3 reports on key work ofRo-FSO. 

2.4.1 Principles of Ro-FSO 

A Ro-FSO system utilizes the assets of both RoF and FSO technologies which makes 

it most beneficial for future wireless networks. In wireless networks, users require 

instant and efficient connection to access various services at any time from any 

location at a low cost. The advantages of FSO in terms of free licensing and high 

speed makes FSO a compelling candidate for future wireless networks. 

Figure 2.4. Ro-FSO Architecture [193] 
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In some geographical areas where current wireless radio technology are inaccessible 

such as in-building, hilly terrains and underground, FSO technology may be 

integrated with radio technology to promote more rapid deployment of a more 

ubiquitous wireless service and cellular architecture [3]. 

Ro-FSO system is one of the emerging technologies to realize the future broadband 

wireless systems which can transmit multiple RF signals over free space optical 

(FSO) networks as shown in Figure 2.4. Ro-FSO can be efficiently used as a 

substitute wireless technology especially in those areas where the formation of optical 

fiber is not attainable. Ro-FSO can also be used in rural areas with low populations 

where it may not be cost-effective to establish radio infrastructures. 

2.4.2 Applications of Ro-FSO System 

The Ro-FSO system provides global platform to transmit wireless signals in a 

ubiquitous network environment. Following are some applications of Ro-FSO 

systems: r a a 

• Telephone network extensions through Ro-FSO: Ro-FSO systems can be 

used to extend the telephone network connectivity especially in rural areas 

• Enterprise: Ro-FSO system can be used to connect various networking 

topologies such as Local Area Network (LAN) to LAN connectivity, intra 

campus networking, Wide area Network (WAN) to WAN etc. 

• Cable Television Transmission: Ro-FSO system can be employed to 

transmit the digital cable television signals at very high speed. 

• Dense wavelength Division Multiplexing (DWDM) services: Ro-FSO 

systems can be used to provide optical connectivity in various applications 

including DWDM services. 
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• Last Mile Connectivity Applications: Ro-FSO systems can be employed to 

solve the last mile connectivity especially in those areas where it is impossible 

to install the optical fibers. 

• Mobile Wireless: Ro-FSO system can be used as mobile wireless driver for 

today and future generation networks, including applications for base 

transceiver station, temporary service and WLAN "hotspot" connectivity. 

2.4.3 Recent work in Ro-FSO 

The last decade has experienced a lot of research in the era of Ro-FSO networks. In 

2009 [194], Ro-FSO link is practically implemented in Tokyo which supports the 

transmission of 3G cellular, WLAN Il g/a, ISDB-T signals over link of 1 Km by 

considering clear weather conditions . In this experiment, 14 Mbps data ris achieved as 

throughput in the FSO link under clear day by considering high scintillations with 16 

QAM scheme. In 2010 [40], WDM scheme and EDFA is employed to transmit ISDB 

T, WCDMA, 802.llG and 802.llA digital signals over Ro-FSO link. This link was 

useful for useful for transmitting Mobile WCDMA, Digital TV Broadcasting and 

Wireless LAN Service as 12 Mbps is achieved as throughput. 

In another experiment [11], the authors have investigated QPSK, 16 QAM and 64 

QAM schemes to transmit radio carrier of 473 MHz which is suitable for indoor 

application. In this work, Gamma Gamma distribution model is used to analyze the 

scintillation for indoor applications. In another experiment [ 195], 4 channels having 

12.5 Gbps data each with 0.80 nm channel spacing are transported over 5.6 Km fiber 

link and 2.2 m wireless link for indoor applications. The scintillations are not 

considered in that work. In another work [ 196], 20 Gbps-93 GHz data is transported 

over optical fiber link of 25 Km and wireless link of 20 cm by using ON-OFF key. In 

this work, horn antenna is used to transmit the 20 Gbps-93 GHz signal wirelessly by 
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considering it for indoor application without any scintillation effect. In another 

experimental demonstration [ 172], 20 Gbps-75GHz-l 00 GHz are transported over fee 

space link of 30 mm by adopting QPSK scheme. Horn antenna is used for 

transmitting the data in free space for indoor application without considering 

scintillations. Erbium Doped Amplifier (EDF A) is used as post compensation scheme 

in that work. 

In 2012 [197], QAM and Fast Fourier Technique (FFT) is employed to transmit the 1 

Gbps data over a free space link of 50 cm by using Light Emitting Diode (LED) for 

indoor applications. In another experiment [198], polarization multiplexing, 2X2 

MIMO and QPSK scheme is employed to transmit 40 Gbps-40 GHz signal over 

optical fiber having long span of 400 km and wireless link of 100 cm for indoor 

application. The results are reported in terms of constellations and SNR which clearly 

stated the feas ibility of transmission of high data with acceptable BER. Similarly in 

another experiment [199], 16 QAM-OFDM scheme is employed to transmit 42.7 

Gbps -7 5 GHz-11 0 GHz data over optical fiber having span of 22 km and free space 

wireless link of 0.58 m without consideration of scintillations. To transmit the radio 

signal, Heterodyne up conversion and down conversion technique is used in that 

experiment work. 

In 2013 [200], 1.25 M-bits and 2.5 M-bits data are transported over free space link of 

2.5 m by using NRZ and Manchester modulation scheme with the aid of LED. In 

2014 [201], the author's has investigated BPSK, QPSK, 16-QAM, and 64-QAM 

schemes to transmit the radio signal over free space link of 2 km using dual diversity 

reception with two diversity combining scheme by considering clear weather 

conditions. 

In 2015 [10], authors have successful demonstrated transmission of 40 Gbps radio 

data over 1.5 km FSO link by employing OFDM and WDM scheme. In this 
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experiment, laser cavity in conjunction with add/drop filter was used to generate 

sixteen mode-locked optical carriers. In another experiment [202], LTE signals are 

transported over 1.6 m FSO link by using PDM and 64 QAM modulation technique. 

Moreover, the link was also tested under atmospheric turbulences. In another 

numerical work [203], OFDM is used to implement Ro-FSO link under weak 

turbulences. Phase shift Key (PSK) and QAM is used as modulation scheme. In this 

work, authors have presented mathematical analysis of PSK/QAM OFDM-Ro-FSO 

transmission system characterized by M-turbulences. In another simulative work [19], 

authors have transmitted global system for mobile communication (GSM) signal at 

900 MHz with data rate of 270.8 kbps over different FSO models. A comparison of 

output signal spectrum through log normal, exponential and gamma channel model 

for weak, strong and saturation regime is presented in this work. The results are 

reported in terms of output spectrum which shows that log normal channels prolong to 

only weak turbulences whereas gamma-gamma channel model prolongs to weak as 

well as strong turbulences. r a 

In 2016 [3], authors have demonstrated successful transmission of LTE signals over 5 

km fiber with 2 m FSO link under strong turbulences by using PDM, OFDM and 64 

QAM scheme. The results are reported in terms of error vector magnitude, SNR and 

constellations which show that the FSO link can prolongs to 100 m if turbulences are 

weak. In another work [204], the authors have derived a close form of mathematical 

expression for estimation of BER of proposed Ro-FSO system by using OFDM with 

QAM format. In this work, negative exponential distribution is used for atmospheric 

turbulences whereas non-linear BAC is used for optical fiber part. In another 

experiment work [205], 60 Mbps mobile signals are transported over 3 m FSO link to 

provide WiFi signals. Table 2.3 shows main key work on Ro-FSO systems in last 6 

year. 
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In order to optimize the features of RoF and FSO technologies, Ro-FSO systems 

incorporate high bandwidth of optical networks and mobility of wireless networks 

while transmitting RF signals over high-speed optical carrier without expensive RF 

licensing or cabling [ 4-7]. Ro-FSO can be utilized for different segments of 

electromagnetic spectrum. It can also be used for mitigating RF spectrum congestion 

issues in current wireless networks. Table 2.3 shows that OFDM, QAM and QPSK 

are widely used as modulation format whereas WDM is used widely as multiplexing 

scheme in Ro-FSO systems. 

Apart from these benefits, there are some challenges which should be considered 

while designing Ro-FSO systems. 

2.5 Challenges in Ro-FSO Systems 

Ro-FSO technology may pave the way towards a universal platform to seamlessly 

integrate radio and optical networks while using no expensive optical fiber cables. 

Nonetheless, Ro-FSO guarantees high speed data rates but there are some challenges 

also such as scintillations, atmospheric turbulences like fog, rain, snow, etc. which 

need to be alleviated in order to improve the signal-to-noise ratio of the Ro-FSO link. 

These atmospheric turbulences are described as follows: 

(a) Fog Attenuation: The atmospheric fog attenuation is persisted by the Beer­

Lambert law which states that the attenuation due to fog and haze in the optical signal 

at a distance R is given by the following relation: 

A = 3.912 [3._J-q 
fog v(km) l o 

(2.1) 

Where v defines the visibility in km, A defines the wavelength of transmitting 

signals, 2
0 

defines the visibility reference at wavelength at in nm and q defines the 
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size distribution coefficient of scattering. Kim and Kruze [206] propose a different 

model for the calculation of value q which is stated below: 

Table 2.4 

Kim and Krnse Model 
Kim Model 

1.6 ifV > SO km 
1.3 if 6 km < V < km 

0.16V + 0.34 ifl km< V < 1 km 
V - 0.5 if0.5 km < V < 1 km 

Kruze model 

1.6 ifV > SO km 
1.3 if 6 km < V < km 

1 

0.585 V3 ifV < 0.5 km 

(b) Rain Attenuation: Rain is also an important parameter to be considered while 

designing an FSO link. The equation [207] for specific rain attenuation is described 

by the following relation: 

arain =l .076 xR0.67 (2.2) 

where R defines the rate of rainfall in mm/hr. 

(c) Snow Attenuation: The equation for snow attenuation is given by the following 

relation [ 181]: 

Table 2.5 

Values of fJ & a 

Type of Snow 

Dry Snow 

Wet Snow 

fJ 

0.000102A + 5.50 

0.0000542A + 3.79 

a 

1.38 

0.72 

(2.3) 

where S describes the rate of snowfall in mm/hr and a & b are given according to ITU 

recommendations [208] as shown in Table 2.5. 
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( d) Scintillation Effect: Scintillations are also a dominant factor in FSO both in 

terrestrial communication as well as in space communication as the optical signal is 

fluctuated by the transient dips caused due to change in refractive index of the 

medium. Atmospheric scintillation is given by the following equation [209] : 

A . =2 * 2317(
2
trl06

)
716 *C2 *l" scm · A, n6 (2.4) 

where ,1 is the wavelength in nm, l is the range in meter and c~ is the refractive index 

parameter. 

Ro-FSO uses the FSO as medium for transmitting radio signals from one place to 

another. The last decade has witnessed development of various multiplexing schemes 

such as wavelength [21 0], phase [ 160] and intensity [211] by the researchers for 

improving the bandwidth of FSO and Ro-FSO systems. However these multiplexing 

schemes are still insufficient to fulfil the demand of high speed data to large number 

of users. In last few years, researchers have demonstrated mode division multiplexing 

(MDM) for FSO systems to increase capacity and bandwidth. As an optical 

multiplexing technology, MDM uses spatial modes as information channels for 

carrying independent data streams. MDM has potentials for enhancing FSO 

transmission data rates proportional to the total number of modes used. Despite the 

use of multifarious MDM techniques in increasing the capacity of optical 

communications and free- space optical systems, it is still an unchartered domain in 

Ro-FSO based on Table 2.1 , Table 2.2 and Table 2.3. 

2.6 Mode Division Multiplexing (MDM) 

MDM is a revolutionary technology used to mcrease the capacity of optical 

transmission systems. Section 2.5.1 discussed the principles of MDM and Section 

2.5.2 discusses the key wok ofMDM. 
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2.6.1 Principles of MDM 

The concept of MDM is based upon transmission of channels on different fiber modes 

as shown in Figure 2.5. At transmission side, all channels are combined together with 

the aid of mode combiner and then transported over transmission channel. At the 

receiver side, a mode splitter or mode selector is used to select particular modes. 

ModeO + Mode 1 + Mode 2 

Transmission Path 

Figure 2. 5. Mode Division Multiplexing 

Modes are of various types such as Laguerre-Gaussian (LG), Hermite Gaussian (HG), 

Eigen modes, Donut modes and others can be generated with the aid of spatial lasers 

[184], spatial modulators [57-60] and fiber gratings [53] . LG modes (00, 01) and 

Donut modes (0, 1) excited by spatial laser are shown in Figure 2.6. 

The LG mode is described mathematically [212] as 

r =(2r2 Jl%lr (2r2 Jex (~Jex [ -~J{Sin(lnlrp),n;:::O} (2_5) 
1//m,n( , rp) w; m w; P w; P J lR; Cos(lnlrp),n;::: 0 

where m and n represents the X and Y index that describe the azimuthal and radial 

indexes, respectively. R is the radius of curvature, w0 is the spot size and Ln,m is the 

Laguerre Polynomial. 
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(a) (b) 

.,, 

(c) (d) 

Figure 2.6. Excited Modes (a) LG 00 (b) LG 01 (c) HG 10 and (d) HG 11 

Similarly, The HG mode is described mathematically as [213] 

2.6.2 Recent work in MDM 

MDM has been used widely both in optical fiber as well as free space optical systems. 

In 2013 [214], 100 Tbps data is transported over 1 m FSO link by incorporating 

MDM of 24 orbital angular momentum (OAM) modes (OAM ~ 4, ~ 7, ~ 10, ~ 13, ~ 

16, ~ 19 on X and Y polarization state) and wavelength division multiplexing (WDM) 

scheme. In another experiment [215], the utilization of OAM, WDM and polarization 

division multiplexing (PDM) is reported to transmit 100.8 Tbps high speed data over 
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1 m FSO link. In 2014 [216], images are transported over 3 km FSO link in city of 

Vienna by employing multiplexing of OAM modes (OAM ~ 1, ~ 1 rotated, ~ 4 and ~ 

15). 

Optical fiber communication systems have implemented MDM by using spatial light 

modulators [56-58], optical signal processing [55, 59, 217, 218], few mode fiber [61 , 

63], photonic crystal fibers [64] and modal decomposition methods [219, 220]. 

Despite the use of multifarious MDM techniques in increasing the capacity of optical 

communications and free- space optical systems, it is still an unchartered domain in 

Ro-FSO. However in 2014 [9], author has reported transmission of 32 Gbps 

millimeter signal over FSO link of 2.5 m by using MDM of 4 OAM modes (-3 , -1, +3 

and + 1) on each X and Y polarization. 

In 201 5 [221], orbital angular multiplexing (OAM) of two OAM modes l = +1 and 

l = +3 is used to transmit 80 Gbps data over free space link. In another work [222], 4 

collocated OAM beams are used to carry 400 Gbps high speed data over 120 m FSO 

link. In 2016 [223], 400 Gbps data is transmitted over 120 meters FSO link by using 4 

OAM beams l = ~1 and l = ~3. In another work [224], two OAM beams l = ~3 are 

used to transmit 40 Gbps 16 QAM data over 260 m FSO link. 

Another experiment [225] reported the transportation of 200 Gbps data over 1 meter 

FSO link by using two Laguerre-Gaussian (LG) beams with different radial indexes 

( = 0, p = 0 and ( = 0, p = 1, where the azimuthal index ( is related to OAM and 

the radial index pis related to radial nodes. The experiment also reported an estimated 

OAM-carrying LG beam while the OAM beams were used with different(. LG 

modes can develop orthogonal and modal sets. 
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LG modes with higher values of p can include OAM whereas OAM beams with 

higher values of p can also be used for multiplexing [226]. Although, MDM can be 

adapted in Ro-FSO to increase transmission capacity, atmospheric turbulence due to 

fog degrades the signal quality and leads to deep fading of the radio subcarriers [ 69, 

70]. Moreover, MDM can also lead to increased mode coupling effects in Ro-FSO 

which causes degradation of signal quality such as channel impulse response, BER 

and SNR [74, 80]. The use of equalization scheme can compensate for mode coupling 

[87-89]. The equalization is used to compensate mode coupling effects introduced in 

transmission channel. 

To solve the problem of fading in proposed MDM-based Ro-FSO system, OFDM can 

be used whereas to alleviate mode coupling effects, equalization by means of 

photonic crystal fiber is proposed. 

2. 7 Orthogonal Frequency Division Multiplexing (OFDM) 

OFDM is a prominent ways to decrease the multipath fading effect during 

transmission of signal through free space medium. It was first introduced by Chang in 

a seminal paper in 1966 [183]. Section 2.6.1 discusses about principles of OFDM and 

Section 2.6.2 presents the key work of OFDM. 

2.7.1 Principles of OFDM 

The concept of dividing the data into parallel orthogonal sub carriers is known as 

OFDM technique. The frequency selective fading and narrow band interference can 

be minimized with increased robustness provided by OFDM. At the transmitter side, 

as shown in Figure 2.7, the input data is mapped into sub-carrier amplitude and phase 

represented by complex In Phase and Quadrature Phase (IQ) vector with the aid of 

sub carrier modulation scheme. 
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Figure 2. 7. Generation of OFDM signal at transmission side 

As for example, in case of 4 QAM subcarrier modulation scheme, it maps one bit for 

each symbol, each combination of one bit of data corresponds to unique IQ vector, 

represented by dot as shown in Figure 2.8. 

- • 

.., • 
-1 

4 QAM Encoding Scheme 

0 
A m plitude -1 (a .u .) 

Figure 2.8. 4 QAM Encoding 

• 

This IQ vector is fed to Inverse Fast Fourier Technique (IFFT) block which converts 

this signal from frequency domain to time domain. The output of IFFT block is fed to 

parallel-to-serial convector which converts signal into serial form as IQ signal. 
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At the reception side shown in Figure 2.9, OFDM baseband IQ signal is fed to serial­

to-parallel converter and then fed to Fast Fourier technique (FFT) for conversion of 

time domain to frequency domain. The output of FFT block is fed to the sub-carrier 

demodulator to recover original data from IQ signal. 

2.7.2 Recent work in OFDM 
1 

In 2013 [227], the authors have used OFDM to reduce the effect of multipath fading 

in FSO system. In this simulative work, 5 Gbps and 2 Gbps data are transmitted over 

10 km FSO link by adopting OFDM and optical double side band (ODSB) scheme 

under clear weather conditions. Further, the impacts of atmospheric turbulences, 

particularly different conditions of Fog, are also investigated. In 2014 [228], the 

authors have transmitted 10 Gbps data over 17.5 m FSO link by adopting OFDM and 

WDM schemes. In this experiment, 16 QAM modulation format is used. In another 

experiment [229], 10 Gbauds/s data is transmitted over turbulent FSO link by 

adopting coherent OFDM scheme. In this work, multilevel differential phase shift key 

(MDPSK) modulation format is used. The authors have compared frequency domain 

(FD) and time domain (TD) MDPSK modulation formats for non-equalization 
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coherent OFDM systems for FSO. The reported results show that FD-MDPSK has a 

high spectral efficiency with low complex hardware requirement as compared to TD-

MDPSK. 

In 2015 [186], the authors have compared OFDM and TDM scheme by transmitting 

10 Gbps data over 5 km FSO link under the influence of turbulent weather. The 

reported results show that OFDM performs better as compared to TDM in order to 

reduce the effect of multipath fading in FSO systems. Another experimental work 

[230] used OFDM to gain high spectral efficiency while transmitting 1.45 Gbps data 

over 4.8 m FSO link under water. In this work, 64 QAM modulation format is used. 

In another work [231], the authors have reported the highest and longest transmission 

for visible light communication by using OFDM scheme. In this experiment, 750 

Mbits data is transmitted over 2 m FSO link by using 64 QAM modulation format. 

In 201 6 [232], the author has transmitted 10 Gbps data over 500 m FSO link under the 

influence of different atmospheric conditions by adopting OFDM scheme. In this 

simulation work, 16 PSK is used as modulation format. In another work, the authors 

have compared the OFDM and TDM schemes for FSO system. In this work [233], 1 

Gbps data is transmitted over 3.2 km FSO channel under the impact of strong 

turbulences by using OFDM and TDM schemes. The reported results show that an 

improvement of 17.9 dB is noticed in signal to noise ratio (SNR) by using OFDM 

scheme as compared to TDM scheme. In another work [234], 4 Gbps data is 

transmitted over 1.3 km FSO link under the influence of heavy rainfall by using 

OFDM scheme. The Table 2. 7 shows key work of OFDM in FSO systems. 
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Table 2.7 

Key Work of OFDM in FSO 

Year/Journal Experiment/Simulation 
Data FSO Modulation 
Rate Range Format 

2013/IEEE Simulation 5 Gbps 10km OFDM-ODSSB 
[227] 

2014/OSA Experiment 10 Gbps 17.5 m OFDM-16 QAM 

[228] 

2014/IEEE Experiment 10 Not Coherent OFDM-

[229] Gbaud/s Mentioned FD-MDPSK and 
OFDM-TD-
MDPSK 

2015/IEEE Simulation 10 Gbps 5km OFDM 

[186] 

2015/OSA Experiment 1.45 Gbps 4.8m OFDM-64QAM 

[230] 

2015/OSA Experiment 750 Mbps 2m OFDM-64QAM 

[231] 

2016/0ptics Simulation I r 10 Gbps 500 m OFDM-16 PSK 
and Photonic 
Journal 

[232] 

2016/Elsevier Simulation 1 Gbps 3.2km OFDMandTDM 

[233] 

2016/Degrueter Simulation 4 Gbps 1.3 km OFDM 

[234] 

OFDM is an established technique in wireless communications for alleviating 

frequency-selective fading and narrow-band interference, which has been approved 

for several digital communication standards including IEEE 802.11 local area 

network and IEEE 802.16 wireless broadband [74-76]. The optical communication 

community has shown profound interest in orthogonal frequency-division 

multiplexing (OFDM) in the last year. Tables 2.2 and 2.6 show the significant use of 
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OFDM in FSO systems for multipath fading effects under the influence of 

atmospheric turbulences. OFDM performs better as compared to other fading 

mitigation techniques such as CDMA, TDMA and FDMA, especially for high data 

rate applications [235]. 

Thus, OFDM can also be used in Ro-FSO system to mitigate multipath fading 

introduced by atmospheric turbulences in MDM. Chapter 4 of this thesis is focused 

on the design ofMDM-OFDM-Ro-FSO system. 

2.8 Photonic Crystal Fiber (PCF) 

Based on photonic crystal properties, photonic-crystal fiber (PCF) is a recent 

inclusion in optical fiber. PCF has garnered significant attention with its 

developmental research in the last decade mainly due to its efficiency as compared to 

existing optical fibers. PCF is a mode-filtering device which can launch a beam into 

multimode fib er (MMF) for improving channel impulse response and bandwidth. Its 

power coupling can be managed by changing the number of rings, distance ratio 

between the holes and the size of the holes. PCF can be utilized for achieving zero 

dispersion wavelengths [236] by changing the ratio of the hole diameter and pitch. 

Section 2.7.1 discusses the principle of PCF and Section 2.7.2 discusses the key work 

ofPCF. 

2.8.1 Principle of PCF 

PCF mainly controls three physical parameters as shown in Figure 2.10 - core 

diameter p ( diameter of the ring formed by the innermost air holes), diameter of the 

air holes ( cladding), and pitch A ( distance between the center of the air holes). These 

parameters, when combined with the refractive index of the material and type of 

lattice, can supple PCF fabrication and manage its properties [237]. 
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Figure 2.10. Diagram of typical solid core photonic crystal fiber [237] 

Philip Russell first proposed the idea of trapping light in a hollow channel with 

photonic bandgap in 1991 [238]. PCF was first fabricated and reported in 1996. PCF 

has attracted considerable attention with its interesting properties, which provide a 

suitable platform for linear and nonlinear optics research. Different types of PCFs 

have been developed so far for different applications. An important feature of PCF is 

its flexibility in design and control over their optical properties that conventional 

fibers do not possess. In general, a PCF consists of a periodic array of hollow 

channels which are typically arranged in a hexagonal symmetry [239]. A lattice defect 

in the center forms the fiber core where light is confined and guided along the fiber 

axis. The guiding mechanism difference along with the nature of the defect makes 

PCFs widely classified into two categories: index-guiding PCF and hollow-core PCF. 

In an index-guiding PCF, the air-hole array reduces the effective refractive index of 

the cladding so that light can be confined in the silica core by means of a modified 

total internal reflection (TIR), similar to the guidance principle in a conventional step­

index fiber [240, 241]. The index-guiding PCF offers greatly enhanced design 

freedom compared to standard optical fibers and has been shown to possess numerous 
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novel properties, such as endless single-mode operation and zero-dispersion 

wavelength in the visible wavelength region. In contrast, a hollow-core PCF guides 

light in different ways which cannot be explained with total internal reflection since 

light is guided in the low index region (air) and the effective refractive index is 

around 1 [241]. Solid-core photonic fibers (SC-PCF) can be used for decreasing 

mode-coupling losses of MDM-based systems through selective excitation [64]. In 

order to launch the MDM-Ro-FSO system, SC-PCF can convert a pure Gaussian 

beam into the desired mode while filtering the loud modes to enhance channel 

impulse response and bandwidth. A mode converter can be used for adiabatic 

transition between two optical modes. PCF can be designed and simulated as a mode 

converter from the Gaussian pulse to different LP modes. This will be achieved by 

changing the structure of each PCF connected to each concurrent Spatial VCSEL. 

Recently, various researchers have investigated the use of PCF in MDM-based 

systems [143, 242-246]. 

2.8.2 Related Work in PCF 

In 2013 [64], authors have demonstrated solid core PCF for excitation of LP 01 

modes in multimode fiber. In this work, 40 Gbps data is transported over 15 cm PCF 

and 1200 m MMF. The reported results show that with the use of PCF in transmission 

link, the power coupling coefficient improves which results in reduction of mode 

coupling losses. In another work [24 7], the authors have proposed PCF for dispersion 

compensation in optical fiber communication system. The proposed PCF is based on 

modified octagonal structure which can be useful for wavelengths ranging from 1460 

nm to 1625 nm. The reported results show that the proposed broadband dispersion 

compensating M-OPCF can be designed to offer high negative dispersion coefficients 

ranging from -400 to -725 ps/nm/km over S and L bands along with RDS similar to a 
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conventional single-mode fiber. In another experiment [248], the authors have 

demonstrated error-free transmission of 25 Gbps over 1 km MMF by using photonic 

crystal implanted in voltage control semiconductor laser. 

In 2014 [23 7], the authors have demonstrated modified hybrid PCF which can be 

useful for dispersion compensation in broadband applications covering the S, C and L 

bands communication bands. In this work, the proposed PCF can obtain large 

negative dispersion which is useful for compensation of dispersion introduced in 

optical transmission link. Another work [249] has shown the use of hybrid PCF for 40 

Gbps optical fiber communication system to alleviate dispersion from transmission 

channel. The proposed hybrid PCF can be used as a dispersion compensation 

technique in optical fiber communication system. With its high negative dispersion 

coefficient of -10054 ps/nm/km, the proposed PCF can be considered pertinent for 

broadband dispersion compensation within E, S, C and L bands. 

In 201 5 [250], authors has shown 100 Gbps data transmitting over 1. 15 km of low 

loss photonic band gap fiber and 1 km of solid core fiber. The reported results show 

that mode coupling to higher-order modes has resulted in minimal OSNR penalty 

associated with SCF and - 1-2 dB penalty associated with HC-PBGF. In another work 

[251], authors have shown zero dispersion PCF to minimize dispersion in optical fiber 

communication systems. The reported results show that the proposed PCF with its 

low confinement loss can be useful in sensor and communication applications. In 

2016 [65], authors has shown dual core PCF for mode conversion (between LP 01 and 

LP 11 modes, and LP 01 and LP 21 modes). Authors from another work [143] have 

shown mode selective coupler based on dual core PCF for mode conversion between 

LP 01 and LP 11 modes. In 2017 [100], authors has reported polarization beam 

splitters based on dual core PCF with magnetic fluids in air holes. 
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Table 2 .8 

Key work of PCF 

Year/ 
Experiment 

Journal I PCF type Date Rate Application Medium 
Simulation 

2013/ Simulation Solid Core 40 Gbps Excitation of Optical Fiber 
Taylor and PCF LP 01 mode 
Francis 
[64] 

2013/ Simulation Modified Not Dispersion Optical Fiber 
Elsevier Octagonal Mentioned Compensation 
[247] PCF 

2013/ Experiment Solid Core 25 Gbps PCF based Optical Fiber 
IEEE PCF VCSEL 
[248] 

2014/ Simulation Hybrid PCF Not Dispersion Optical Fiber 
Elsevier mentioned Compensation 
[237] 

2014/ Simulation Hybrid PCF 40 Gbps Dispersion Optical Fiber 
Elsevier Compensation 

[249] 

2015/ Simulation Solid core 100 Gbps Dispersion Optical Fiber 
OSA Photonic Compensation 
[250] bandgap 

fiber 
2015/ Simulation Solid core Not Dispersion Optical Fiber 
IEEE PCF mentioned Compensation 
[251] 

2016 Simulation Dual core Not Mode Optical Fiber 
/IEEE PCF Mentioned convers10n 
[65] 

2016/ Simulation Spiral PCF Not Dispersion Optical Fiber 
OSA Mentioned compensation 
[143] forX and Y 

polarization 

2017 Simulation Dual core Not Dispersion Optical Fiber 
/IEEE PCF Mentioned compensation 
[100] 

2017/ Simulation Spiral PCF Not Dispersion Optical Fiber 
Optik Mentioned compensation 
[252] 
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Another work [252] has shown spiral PCF by using an elliptical soft-glass rod in the 

core region to control dispersion properties. The proposed PCF features high negative 

dispersion ranging from -491.16 to -399.98 ps/nm/km for x and y polarizations which 

is useful for dispersion compensation in optical fiber communication systems. The 

Table 2.8 shows the adoption of PCF for dispersion compensation and mode 

conversion applications in optical fiber communication. Photonic crystal fibers 

(PCFs) are flexible for cross-section design along with properties in birefringence, 

dispersion, nonlinearity, and effective mode area. Moreover, PCFs perform 

remarkably when applied in fiber sensors, fiber lasers and nonlinear optics [73]. Thus, 

PCF can be adapted to MDM-based Ro-FSO system to minimize mode coupling 

losses due to atmospheric turbulences, particularly due to fog. Chapter 5 of this thesis 

is focused on the design of PCF for MDM-Ro-FSO system to mitigate the effect of 

mode coupling losses introduced by different severity levels of fog in the atmosphere. 

2.9 Summary 

This chapter provides an overview of optical communications, RoF, FSO, Ro-FSO 

transmission systems, MDM, OFDM and PCF. Current state-of-the-art multiplexing 

and modulation technologies for FSO, RoF and Ro-FSO systems in the MDM, 

subcarrier and intensity domains are presented. The surge of MDM experiments and 

simulations in the last five years demonstrate the importance of MDM in increasing 

the data capacity and improving the spectral efficiency in optical communications. 

While MDM has attracted significant attention in FSO and RoF systems, to date, there 

is valuable untapped potential in the application of MDM in Ro-FSO systems for 

mitigation of atmospheric turbulence, increasing channel diversity and enhancement 

of spectral efficiency. Notwithstanding the advantages, MDM in Ro-FSO suffers from 

fading of radio subcarriers and mode coupling losses. OFDM is aimed at mitigating 
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fading effects for long-haul communications whereas SC-PCF is proposed for 

mitigating mode coupling losses for short-haul communications. This gap presents a 

valuable niche area for this research. 
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CHAPTER THREE 

RESEARCH METHODOLOGY 

3.1 Research Framework 

This chapter aims to address the methodology adapted to carry out this research. It 

explicates a research framework based on the Design Research Methodology (DRM) 

in order to explain the approaches and steps adopted to achieve the objectives of this 

research. DRM is an approach and a set of methods used collectively as a framework 

proposed by Luicienne Blessing and Amaresh Chakrabarty [253] to conduct effective 

and efficient design research. It is widely adopted by researchers for obtaining 

adequate and realistic research outcomes [254]. DRM can be divided into four 

different stages: 1) Research Clarification (RC), 2) Descriptive Study (DS), 3) 

Prescriptive Study (PS), and 4) Descriptive Study II (DS-II). The research framework 

for the current study is broadly categorized into four stages in relation to the four 

stages of DRM where the main methods and deliverables of each stage will be 

highlighted. Figure 3 .1 describe the various stages in the research approach of the 

current study and the respective outcomes of each stage: 
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[ l\Iethods ] ~ Stages ~[ Outcomes ] 

[ Literature ] ~ 
Research ... Clarify the topic of interest 

Analysis Clarification and identify the researc.h gap ,, 
Research Plan (Chapter 1) 

Literature Descriptive ... Analysis of multi-level 
Analysis a.ad modnlation schemes, OFDl\f 

Re,iew Study (I) ,, 
and SCM in Ro-FSO 

(Chapter 2) 

Simulation a.ad 
Prescriptive Ir. Objective 1 and Objective 2 

l\fodelliag OFDM-1\fDM and PCF-1\'IDl\f 
(Gaiza.ai et.a.I] Study ,. 

Systems 
(Chapter 4 and Chapter 5) 

Enma.tion 
Descriptive ... Objective 3 

(Ha.ssa.a and Ja.ia] Evaluation of proposed 
Study ,. systems nnder atmospheric fog 

(Chapter 6) 

Figure 3.1. Research Approach 

3.1.1 Stage 1: Research Clarification 

This is the initial stage of the research which aims at providing a comprehensive 

understanding of the topic as well as deriving an overall research plan along with the 

following steps: 
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... Identifying the overall topic of interest -
i 

- .. Clarifying current understanding and expectations - -
'1 

-- ... Identify the research gap - -
J, 

-- Determining areas of relevance and contribution -
i 

- Structuring overall research plan ._ 

Figure 3.2. Research Clarification 

Deliverables of this stage include the following: 

• Research motivation r 

• Research problem 

• Research questions 

• Research objectives 

• Research scope 

• Areas of research contribution 
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3.1.2 Stage 2: Descriptive Study I (DS-1) 

Reviewing literature: Identifying and summarizing 
literature 

Determining research focus: Identifying the focus of this 
research 

Developing research plan for DS-1 

Undertaking empirical study: Analyzing data of previous 
work 

1\ilaking overall conclusions: Combining results of 
previous works 

Figure 3.3. Main Steps in the Descriptive Study-I Stage 

This stage aims at providing a critical review of the literature and empirical studies in 

the research area with a view to understand the existing solutions and diliections along 

with the steps as shown in Figure. 3.3. 
a 

Outcomes of this stage include the following: 

• Overview ofRoF and FSO technologies. 

• Critical review of previous works on RoF and FSO systems. 

• Ro-FSO technology and its applications. 

• Critical review of previous works on RoF and FSO systems. 

• Analysis of multi-level modulation schemes, OFDM and SCM in Ro-FSO. 

• Overview of MDM scheme. 

• Overview ofOFDM and PCF. 
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3.1.3 Stage 3 - Prescriptive Study (PS) 

This stage aims at providing the design of the proposed mechanisms based on 

simulation and network modelling processes proposed by Guizani et al. [255]. The 

first part of this stage involves the design of an OFDM-MDM scheme for Ro-FSO 

long haul communication systems, based on the analysis of multi-level modulation 

schemes - OFDM and SCM. 

Design and evaluate OFDl\1-1\IDl\l­
Ro-FSO System for long hauJ 

communication 

Design and evaluate PCF-1\IDl\l-Ro­
FSO system for short hauJ 

communica.tion 

EvaJuation of OFDl\1-1\IDl\l-Ro­
FSO and PCF-1\IDl\l-Ro-FSO 

systems under atmospheric 
turbuJences 

Figure 3.4. Main Steps in Prescriptive Study 

This is followed by the evaluation of the performance of OFDM-MDM-Ro-FSO 

system under atmospheric turbulences, particularly different condition of fog. The 

second part of this stage involves the design of a PCF-MDM scheme for Ro-FSO 

short haul communication system. This is again followed by the evaluation of 
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performance of PCF-MDM-Ro-FSO system under atmospheric turbulences, 

particularly different condition of fog, as shown in Figure 3.4. 

Deliverables of this stage include the following: 

• Design and implementation of OFDM-MDM based Ro-FSO system for long haul 

communication (Chapters 4- Objective 1) 

• Design PCF based equalization scheme for MDM-Ro-FSO system for short haul 

communication (Chapter 5-0bjective 2) 

• Validation of the proposed mechanisms and parameters (By comparing simulation 

results with previous works) 

3.1.3.1 Approaches for designing and development of OFDM-MDM-Ro-FSO and 

PCF-MDM-Ro-FSO System 

The designing and development process is an essential factor in any research in the 

field of communication system. It is crucial for the researcher to specify an approach 

for these processes. The prominent approaches for designing optical communication 

systems are: mathematical modeling, and simulation and real test beds [256] as 

summarized in Figure 3.5. 

Designing and Development of OFDM-
MDM-Ro-FSO and P CF- IDM-Ro-FSO 

System 

I 
-.l, -.l, 

l\latbematical 
Simulation 

fodeling 

! I 
~ ~ 

Matlab Optiwave Synopsis 
OptiSystem Beam prop 

Figure 3.5. Design processes of OFDM-MDM-Ro-FSO and PCF-MDM-Ro-FSO 
System 
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The tools which are used for designing and development ofOFDM-MDM-Ro-FSO and PCF­

MDM-RO-FSO systems have been highlighted in Figure 3.5. 

3.1.3.2 Mathematical Modeling 

Mathematical modeling is an approach that is used to describe the changes in a system 

by means of a mathematical or analytical function with a set of equations. Analytical 

modeling is considered to be an appropriate model for dealing with simple systems 

but challenging for complicated systems which involve major simplifications and 

assumptions [257]. Mathematical modeling uses a set of solvable, derivable equation 

to model a system. Therefore, modeling a complex system is not advisable due to the 

lack of environmental interaction and circumstantial parameter settings which may 

significantly alter the outcomes. A Ro-FSO communications system is rather 

complex. Hence, too many simplifications and assumptions will affect the accuracy of 

the representation of the real communication system [258, 259]. 

r a 
3.1.3.3 Simulation 

A simulation is an imitation of the real word, in particular, imitation of a real system 

or process which gives the ability to understand the things around us through 

creativity and imagination using simulators software [257]. With a view to evaluate 

real-world performance of a real system, simulations allow us to examine the 

system's behavior under different scenarios in order to find out and understand how 

the system design works best. Communication systems are complex to be modeled in 

a real world. Their modeling involves undertaking many assumptions, the best of 

which is to perform the "what if' technique. The best environment for its performance 

is simulation modeling. Through specific simulation, software system models can be 

designed, analyzed, and evaluated easily. Simulation enables modifications and 
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changes in certain parts of the system so that it can be re-corrected if there is a 

mistake or reevaluated as per the user's requirements. Simulation modeling has proven 

its credibility and used frequently in communications [259]. In this research, 

OptiSystem from Optiwave company and BeamPROP from Synopsis (previously R­

Soft) company are used for design and development of the proposed MDM based Ro­

FSO communications model. 

3.1.3.4 OptiSystem Simulation 

The complexity of an optical communications system 1s rapidly evolving. The 

configuration and examination of these optical communication systems, which 

typically incorporates nonlinear devices and non-Gaussian noise sources, are very 

intricate and greatly time-consuming. OptiSystem is powerful software from 

Optiwave Corporation [260] which is used to simulate optical communication systems 

at the physical layer. The latest version of this software is OptiSystem V-14 [261]. It 

is a stand-alone item that does not depend on other recreation structures but may 

integrate with Matlab and other software from the Optiwave Corporation. 

Power 
Modelling 

System Level Network Simulation 
(Discrete Event Engine) 

Figure 3. 6. OptiSystem Methodology 
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OptiSystem has an extensive library of lasers, channels and photodetectors which may 

be individually customized. OptiSystem has a discrete event engine and offers a 

practical framework for performing different scenarios in an optical communication 

system as shown in Figure 3.6. 

3.1.3.5 BeamPROP 

BearnPROP™ [262] is a powerful and easy-to-use software system, provided by 

Synopsis company, developed to create designs in integrated and fiber optical 

waveguides. The beam propagation method (BPM) is a method used to simulate the 

passage of light via any wave-guiding medium. The software configures different 

simulations in order to develop waveguide devices. The graphical project layout of 

BeamPRO ™ contains a number of tool bars and menu options, including waveguide 

primitives (the waveguide blocks), editing and manipulation tools, and special layout 

regions, which are used to design photonic devices. This software allows 3D 

geometry and material information representing photonic component, as for example 

a fiber device, to be described within one flexible and integrated tool. From this tool, 

the appropriate simulation methodology can then be selected and employed to readily 

analyze a wide variety of problems. This tool is used for designing and development 

ofPCF. 

3.1.4 Stage 4: Descriptive Study (DS) 

This stage includes evaluation of proposed OFDM-MDM-Ro-FSO and PCF-MDM­

Ro-FSO systems under the clear weather conditions as well as under the influence of 

different atmospheric conditions such as light fog, medium fog and heavy fog. 

Deliverable of this stage includes the following: 
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• Evaluate the performance of OFDM-MDM-Ro-FSO system under clear 

weather conditions (Objective 1- Chapter 4). 

• Evaluate the performance of OFDM-MDM-Ro-FSO system under different 

atmospheric fog conditions (Objective 3-Chapter 4). 

• Evaluate the performance of PCF-MDM-Ro-FSO system under clear weather 

conditions (Objective 2-Chapter 5). 

• Evaluate the performance of PCF-MDM-Ro-FSO system under clear weather 

conditions (Objective 3-Chapter 5). 

3.1.4.1 Evaluation Metrics 

In optical communications, selection of metrics plays a very important role in the 

evaluation of optical communication systems. In order to ful fill the objectives 

described in Chapter 1, the following metrics are selected based on their frequency of 

use and analysis adopted by many researchers as described in Table 2. 1, Table 2.2 and 

Table 2.3. r a 

1. Signal to Noise Ratio (SNR): SNR is defined as the ratio of signal power to 

the noise power. The higher the SNR, lower the noise power received at the 

output electrical signal. The minimum acceptable SNR for optical 

communication systems is 20 dB. 

2. Constellations: In advanced modulation formats such as digital modulations 

like M-ary modulation scheme, constellations are used to determine the error 

received in the phase vector of output signal. Figure 3. 7 shows the 

constellations of 4 QAM modulation format. 
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Constellation Diagram , 
' 

-1 0 
Amplftude - 1 (a.u .) 

(a) 

Constellation Diagram 

0 
Amplitude - I ca.u.) 

(b) 

Figure 3. 7. Constellations (a) Clear Constellation and (b) Distorted Constellation 

3. Total Received Power: The total received power is defined as amount of 

power received at output of photo-detector. The higher the total received 

power, the higher the value of signal power and vice versa. 

4. Spatial Transverse Electric Field of Modes: The spatial profile of modes 

deciphers information about the degradation of the modal profile and power 

coupling into other modes. 

5. Eye Diagrams: Eye diagram is used for measuring the performance of optical 

communication networks. If receiving eye is open and clear, it means bit error 

rate is low whereas if receiving eye is distorted and closed, it means bit error 

rate is very high. In short, clear and open eye indicates good performance 

whereas distorted and closed eye indicates the bad performance of optical 

systems. Figure 3.8 represents the good eye as well as distorted eye. 
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Figure 3.8. Eye Diagrams (a) Clear and open eye and (b) Distorted and closed eye 

6. Bit Error Rate: Bit error rate (BER) is defined as error in number of received 

bits as compared to transmitted bits. More BER means more attenuation in 

transmission link whereas less BER means less attenuation in transmitted bits . 

7. Mode Spectrum: Mode spectrum represents relative power in dominant 

mode. 

3.2 Summary 

This chapter is focused on determining an appropriate research methodology to ensure 

that all research objectives in Chapter 1 are successfully achieved. The extensive 

research methodology used for this research is divided into four stages. Stage 1 

includes a comprehensive understanding of the topic pertaining to Ro-FSO systems in 

order to identify the problem statement. It attempts to derive an overall research plan. 

Stage 2 describes a critical review of the literature and empirical studies in the optical 

communication systems with a view to understand the existing solutions and 

directions of Ro-FSO systems. Stage 3 involves the design and development of 
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OFDM-MDM-Ro-FSO and PCF-MDM-Ro-FSO transmission systems. Stage 4 

includes evaluation of performance of both systems, by using appropriate evaluation 

metrics, under clear weather as well as under the effect of different atmospheric fog 

conditions. 
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CHAPTER FOUR 

OFDM-MDM-RO-FSO TRANSMISSION SYSTEM 

This chapter reports on the design and implementation of MDM-OFDM in a Ro-FSO 

system long haul communication. 

Phase 1: Proposed Model for 10 Gbps OFD?\1-FSO Transmis1fon 
System 

• 
Phase 2: Integrated RoF with OFUM-FSO SJ stem by individual 

transmission of LG modes 

• 
Phase 3: Designed 1\110:M scheme in the proposed Ro-FSO Transmission 

System by simultaneous transmission of different modes 

Figure 4.1 . Phases ofRo-FSO Transmission System 

The preliminary work on Ro-FSO is divided into three phases, as shown in Figure 4.1. 

Phase 1 presents a model for data transmission based on OFDM for an FSO link 

under atmospheric turbulences, detailed in Section 4.1. Phase 2 encapsulates the 

integration of a radio subcarrier on an optical carrier in an OFDM-FSO transmission 

system to realize a 20 Gbps-40 GHz Ro-FSO transmission system by transmitting 

individual LG modes, elucidated in Section 4.2. Finally, Phase 3 focuses on the 

design of MDM scheme for a Ro-FSO communication system by transmitting 

different modes simultaneously, elucidated in Section 4.3. 

4.1 Phase 1: Proposed Model for 10 Gbps OFDM-FSO Transmission System 

In this phase, 4-Quadrature amplitude modulation (QAM)-OFDM based FSO 

transmission system is proposed which is capable of transmitting 10 Gbps of data up 

to 180 km under clear weather conditions. Section 4.1.1 represents simulation setup 

whereas Section 4.1.2 represents the result and discussion. 
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lOGbps 

Transmitter 

Optical 
Amplifier 

Phase Shifter 

Transmission 
Channel 
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Figure 4. 2. Proposed Model for 10 Gbps FSO Transmission System 

4.1.1 Simulation Setup 

As shown in Figure 4.2, 4 QAM sequence generator uses 2 bits per symbol to encode 

10 Gbps pseudorandom data. This encoded data is then fed to an OFDM modulator 

with 512 subcarriers, 1024 FFT points and 32 cyclic prefix. Quadrature modulator 

(QM) is used for further modulation at 7.5 GHz. The OFDM modulator has Inverse 

Fast Fourier Transform component (IFFT) which further includes a complex vector 

X =[X0 ,X"X2 .... XN_1] as input. The value of length of the vector is N, which refers 

to the size of the IFFT. The output of the IFFT is x = [ x0, x1, x2 .... xN-i f . The model 

uses the definition of inverse discrete Fourier transform described mathematically as 

in [263]: 

for O ::; m ::; N - 1 (4.1) 

where N is number of samples and k is the cycles of sinusoidal frequency. 
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The QM signal is optically modulated by Lithium Niobate (LiNB2) using continuous 

wavelength laser with the power of O dBm. Optical single side band (OSSB) is 

generated by phase shift of 90° using phase shifter as shown in Figure 4.3. 

8 

Ootical Double Side Band <ODSB) 

t 

+ 

I 
t 

........,... ____________ _ 
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F.-equency (Hz ) 

(a) 

Single Side Band (SSE) 

i 
+ 

r 
~ ..__ ___________ _ 

193.08 T 193 .09 T 193.1 T 193.11 T 193 .12 T 
Fr-eque ncy (Hz) 

(b) 

Figure 4.3. Bands generated after optical modulator (a) ODSB and (b) OSSB 

The optical signal is transported over an FSO Channel having a span of 200 km by 

incorporating flat gain erbium doped fiber amplifier (EDF A) and semiconductor 

amplifier (SOA) as pre and post compensation techniques. 

The link equation for FSO [264] is given by following: 

R = R d~ 10-aR! IO 
R eceived Transmitted ( d T +9R )2 (4.2) 

In the equation 4.2, dR defines receiver aperture diameter, dr is the transmitter 

aperture diameter, 0 is the beam divergence, R is the range, and a is the atmospheric 

attenuation. At the reception side, an Avalanche photodiode (APD) is used to detect 

optical signal. This signal is then fed to QM demodulator, OFDM demodulator and 4 

QAM decoder for recovering the original 10 Gbps signal. At the OFDM demodulator, 

a forward transform is performed by the FFT on the received and sampled data where 

the symbols denote the following [263]: 
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1 N -1 - ·2;,rk,n 
½ = ✓N~ymexp( J N ) (4.3) 

In the equation 4.3, y = [y0,y1, y2 .... y N_1f refers to the sampled time domain vector at 

the input of the FFT demodulator and Y =[Ya,~, I; ... .YN_, f represents the discrete 

frequency domain vector at the output. The performance of proposed system is 

evaluated under varied conditions of atmospheric fog. 

4.1.2 Results and Discussion 

Figure 4.4 shows the measured RF spectrum at photodetector with OFDM and 

without OFDM. It is noted that the effect of fading is reduced with the use of OFDM 

as compared to without the use of OFDM. RF power is measured as -50 dBm with the 

use of OFDM at FSO link of 40 km whereas it drops to -90 dBm without the use of 

OFDM. 
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Figure 4.4. Measured RF Spectrum at 40 km FSO link (a) With OFDM and (b) 
Without OFDM 
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SNR versus FSO ra~e .. 
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Figure 4.5. Measured (a) SNR versus Range and (b) Total Received Power versus 
Range under clear weather conditions 
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Figure 4.6. Measured Metrics (a) SNR versus Range and (b) Total Power versus 
Range under different atmospheric conditions. 

The attenuation for clear weather condition is set to 0.14 dB/km [265, 266] . An 

improvement of 20 dB is noticed for ODSB modulation scheme as compared to 

OSSB modulation at FSO link of 40 km. After 60 km, both ODSB and OSSB 

modulations show similar behavior. 

77 



Cons tellation 

§" 

~ 
~ 

~ 
a 

§ 

Constellation 

• • I 
_, ~ • +-----1-+-~-~+-+~--------i 

ij~------~------~ 

1 
a 

0 
Amplitude - I (a.u.) 

(a) 

Constellation 

• II 

~ =f-->ll- 1-+--~-~--+-~~~-----..i 
·"' ! 

• -10 n O 1 0 n 
Amplitude - I (a.u.) 

(c) 

i 

Constellation 

-200 n 

- 1 n 

-40 p -2 0 p O 2 0 p 
Amplitude - I (a.u. ) 

(e) 

I 

• • -100n O 100n 2 00 n 
Amplitude - I ( a .u.) 

(b) 

Cons tellation 
,----. .............. .. ...... , .... . • -

• • 0 
A mplitude - I ( a .u . ) 

(d) 

a 

40 p 

1 n 

Figure 4. 7. Constellation Diagram at FSO link of 3 km under different atmospheric 
conditions (a) Haze (b) Thin Fog (c) Light Fog (d) Moderate Fog and (e) Heavy Fog 
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Figure 4.6 shows SNR and total received power measured under different atmospheric 

weather conditions. In case of haze, attenuation for atmospheric turbulences is set to 4 

dB/km. It is measured as 9 dB/km in case of thin fog, 13 dB/km in light fog, 16 

dB/km in thick fog, and 22 dB/km in case of heavy fog [265, 266]. Similarly, 

constellations measured at receiver for different atmospheric turbulences is shown in 

Figure 4.7, which states that constellation becomes distorted when atmospheric 

conditions change from haze to heavy fog. 

4.2 Phase 2: Integration with Radio Signal to Realize Ro-FSO Transmission 

System by Incorporating LG modes 

In this phase, 40 GHz radio signal is added to 20 Gbps data and transported over FSO 

to realize Ro-FSO transmission system by incorporating Laguerre-Gaussian (LG) 

modes. Section 4.2.1 discusses simulation setup whereas Section 4.2.2 discusses 

results and discussion. 

4.2.1 Simulation Setup 

Figure 4.8 shows the simulation setup for the proposed Ro-FSO transmission system. 
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,--------------
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Figure 4.8. Ro-FSO Multimode Transmission System 
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(a) (b) 

(c) 

Figure 4.9. LG modes (a) LG 00 (b) LG 02 and (c) LG 04 

A four-level QAM sequence generator is used to generate a 20 Gbps data stream with 

2 bits per symbol which is further modulated using OFDM 512 sub-carriers and 1024 

fast Fourier transform (FFT) points. These OFDM signals are again modulated at 7.5 

GHz using a QM to overcome frequency-selective fading and establish a multiple­

input-multiple-output system. A 40 GHz signal is modulated by the QM signal and 

then optically modulated by a Lithium Niobate (LiNb) modulator onto a Laguerre­

Gaussian (LG) mode derived from a spatial continuous wave (CW) laser having a 

power of O dB. The transverse spatial profile of the LG mode generated using the 

spatial CW laser is shown in Figure 4.9. The LG mode are described mathematically 

[213] as 
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J ex (~Jex [ . ~J {Sin(lnl rp ), n 2 0 } (4 .4) 
1//m,n( , rp) w; m w; P w; P J lR; Cos(lnlrp),n 2 0 

where m and n represents the X (describes the azimuthal index) and Y (describes the 

radial index) indexes. R refers to the radius of curvature, w0 is spot size and Ln,m 

refers to the Laguerre Polynomial. 

These optical signals on the LG mode are transmitted over an FSO link and received 

by the spatial avalanche photodiode (APD) photodetector. SOA is used for post 

amplification. A 40 GHz signal is again added after the photodiode for down 

conversion of signal. QM demodulator receives this electrical signal which is then fed 

to the OFDM modulator and QAM decoder for recovery of data. 

4.2.2 Results and Discussion 

The effective SNR and received power at receiver for LG modes LG00, LG 02 and 

LG 04 against FSO transmission link operating at 850 nm are measured in Figure 4.10 

(a) and (b). It is clearly depicted from Figure 4.11 that LG 00 mode is less affected 

after transmission through the FSO link compared to LG 02 and LG 04. 
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Figure 4.10. Transmission of signal through LG modes (a) SNR and (b) Total power 

81 



An improvement of 12.18 dB in SNR and -26 dBm in received power is noted in the 

case of transmission after 20 km over FSO link by using LG 00 mode as compared to 

the LG 04 mode. On the other hand, when compared to the LG 02 mode, an 

improvement of 4.51 dB in SNR and -9.14 dBm in received power is reported. 

a 

::i 
.!! 
CJ 

.go 
:8 
I 
<( 

Constellation Visualizer - Output 

• .. 
• 

-1 µ 0 1 µ 

1111111 

Amplitude - I (a.u.) 

(a) 

Constellation Visualizer - Output 

• 

0 
Amplitude - I (a.u.) 

(c) 

:i 
t 
a 

Constellation Visualizer - Output 

C 

~ • 
C 

" " "l 
-400 n -200 n o 200 n 

Amplnude - I (a.u.) 

(b) 

a 

• 
400 n 

Figure 4.11. Constellation diagrams for FSO link of 100 km for ( a) LG 00 (b) LG 02 
(c) LG 04 

82 



Moreover, the proposed 20 Gbps-40GHz Ro-FSO transmission system prolongs the 

achievable distance to 100 km by using LG 00 mode as compared to LG 04 mode, 

which is extended to only 60 km with acceptable SNR and received power under clear 

weather conditions. The constellation diagrams for the LG modes after the 

transmission of 20 Gbps with 40 GHz radio signal through an FSO link of 100 km are 

shown in Figure 4.11. Figure 4.11 (a) indicates that the signal strength of transmitting 

signals for LG 00 mode is more precise with less noise power as compared to the 

signal strength of LG 02 and LG 04 modes, as shown in Figure 4 .11 (b) and Figure 

4.11 (c). 
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Figure 4.12. Measured RF Spectrum (a) With OFDM and (b) Without OFDM 

Figure 4.12 shows the measured RF spectrum at photodetector with OFDM and 

without OFDM. It is noted that the effect of fading is reduced with the use of OFDM 

as compared to without the use of OFDM. RF power is measured as -45 dBm with the 
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use of OFDM at FSO link of 20 km whereas it drops to -100 dBm without the use of 

OFDM. 
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Figure 4.13. RF Spectrum for FSO link of 100 km for (a) LG 00 (b) LG 02 and (c) 
LG04 

Consequently, the RF spectrum of the transmitted signal as well as received signal of 

the proposed Ro-FSO system for LG modes is shown in Figure 4.13. The signal 

quality in the RF spectrum for LG 00 mode is enhanced as compared to LG 02 and 

LG 04 modes. As the LG modes are changed from LG 00 towards LG 04, the RF 
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spectrum is decreased due to escalation of noise during transmission through FSO 

link. Furthermore, the performance of the proposed Ro-FSO transmission system is 

evaluated under the effect of atmospheric turbulences in Figure 4.14. 

SNR versus FSO Range Total received power versus Range 
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(a) (b) 

Figure 4.14. Ro-FSO system under atmospheric turbulences (a) SNR and (b) Total 
Power 

It is reported that as the atmospheric conditions change from clear weather to 

turbulences, the connectivity of an FSO link decreases. The maximum achievable 

distances of acceptable SNR and received power are 9 km under the effect of haze, 

4.9 km under thin fog, 3.4 km under thick fog, and 2.8 km under heavy fog. 

In this phase, a new approach for high-speed OFDM-based Ro-FSO transmission 

system using LG modes for long-haul terrestrial applications is presented. For LG 00 

mode and LG 02 mode, the maximum distance with acceptable BER and SNR is 100 

km whereas for LG 04 mode, Channel is degraded as the maximum distance is only 

60 km. Investigation of the effects of varying atmospheric turbulences reveals that the 

FSO link achieves a maximum distance of 9 km under haze, 4.9 km under thin fog, 

3.4 km under thick fog, and 2.8 km under heavy fog respectively. 
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4.3 Phase 3 MDM Scheme for Ro-FSO transmission system 

In this phase, MDM scheme is designed for Ro-FSO transmission system for three 

cases (a) LG modes (b) Hermite-Gaussian (HG) Modes (c) LG modes with vortex 

lens and HG mode. Section 4.3 .1 discusses the simulation setup of MDM scheme by 

using LG modes, Section 4.3.2 discusses simulation setup of MDM scheme by using 

HG modes whereas Section 4.3.3 simulation setup of MDM scheme by using LG-HG 

modes with vortex lens. 

4.3.1 Case 1: Simulation set up of MDM Scheme by using LG modes 

Figure 4.15 displays a schematic diagram of the hybrid high speed Ro-FSO 

transmission system. 
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Figure 4.15. Proposed 2 X20 Gbps Hybrid Ro-FSO Transmission System by 
incorporating LG modes 

Two LG modes -LG 00 and LG 10 - are multiplexed through free-space. Ghatak 

[213] describes the transverse spatial profile of the LG mode in the source plane z = 0 

as: 

(4.5) 
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where Lr,;: refers to the associated Laguerre polynomial, n and m refer to the azimuthal 

and radial mode numbers respectively, r = (x 2 + y 2 yi 2 is the radius of curvature, 

q = tan-1 (y I x) and w0 refers to the beam waist width of the fundamental Gaussian 

mode. A transmissive binary amplitude SLM, three lenses and a pinhole, based on 

[56] are used to experimentally generate the linearly polarized transverse electric field 

of the two LG modes. Figure 4.16 displays the construction of the mode transmitter. 

Encoding of a binary grating for the LG modes is achieved by a spatial light 

modulator through which an expanded collimated beam from the laser is directed. Its 

binary hologram is Fourier transformed by the first lens of focal length 300 mm. 

Expanded Beam ~ 

..) 
VJ 

/1 /1 /2 /2 /3 /3 

L1 • First Lens LZ • Second Lens L3 • Third Lens /1 · L1 Focal Length /Z• LZ Focal Length /3· L3 Focal Length 

Figure 4.16. Generation of LG mode wavefront 

The first diffraction order scaled by the second lens of focal length 100 mm and third 

lens of focal length 3 mm is retrieved by using a 0.2 mm pinhole. The modal fields 

are then concentrically combined while their amplitude and phase are measured and 

inserted into the OptiSystem TM software. 
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Figure 4.17. Excitation of LG modes (a) LG 00 (b) LGl0 and (c) LG 00 + LG 10 

Figure 4.17 (a) and 4.17 (b) display the electric field intensities of the two generated 

LG modes. Figure 4.17 ( c) displays the electric field intensity of the combination of 

both modes. MATLAB and OptiSystem model the modulation and wave propagation 

A 4-level QAM is used to modulate two independent 40 GHz radio signals. This is 

followed by modulation by 512 OFDM subcarriers with a purpose to reduce the 

multipath fading effect incurred during the transmission through FSO link. The 

OFDM approach divides the data over a huge number of sub-carriers, which are 
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separated from each other at narrow frequencies . The OFDM signal is then modulated 

at 7.5 GHz by using QM. 

This OFDM-QM modulated signal is further fed to a lithium niobate modulator in 

order to modulate the two experimental LG modes at 40 GHz with the assumption of 

preserving the modal stability of the two channels. The output from the two channels 

is transmitted over the FSO link. A Gamma-Gamma distribution is assumed under 

intensity scintillation [267, 268] to model atmospheric fading. The Rytov variance 

[267] for atmospheric scintillations is assumed. Kolmogorov theory is used to 

describe the atmospheric turbulence. The refractive index structure, c/ = 

1 X 10-16m- 2/ 3 is considered for weak turbulence and CJ = 1 X 10-12m- 2/ 3 is 

considered for strong turbulence. The combined signal is then transported over the 

FSO link and post-amplified using a semiconductor optical amplifier (SOA). 

Fraunhoffer diffraction is considered for calculating the wavefield across the (x, y) 

receiving plane [269] : 

k a 
exp(jkz) exp(L(x 2 + y 2

)) w 
2 

U(x,y)= 2= (f fu(~ ,n)exp[-j A:(x~+yn)]d~dn (4.5) 
-OJ 

where U((, 77)defines the wave field generated across the transmitting plane from the 

spatial light modulator, pinhole, and three lenses and z is the free-space distance. 

Simulation of de-multiplexing of the modes at the receiver happens in OptiSystem. A 

spatial photodetector is used for de-multiplexing where the LG 00 mode is extracted 

using an inner circular aperture of 5 cm and an outer ring aperture of 10 cm is used to 

extract the LG 10 mode. A 40 GHz is applied after the photodetector using a mixer in 

order to recover the SCM signal. Finally, the output signal after the mixer is fed to the 

OFDM and then the QM demodulator in order to recover the original data. 
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4.3.1.1 Results and Discussion 

This section contains results from the simulation of the signal propagation through 

free-space. The two OFDM-Ro-FSO Channels are transported over the free-space link 

under clear weather conditions. Figure 4.18 (a) displays the value of SNR at the 

receiver for LG 00 Channel: it is 39.56 dB, 36.64 dB and 23.35 dB for an FSO link of 

20 km, 60 km and 100 km respectively whereas for LGl0, the SNR is 35.21 dB, 

28.57 dB and 14.70 dB for an FSO link of 20 km, 60 km and 100 km respectively. 

SNR versus FSO Range Total received power versus Range 

- · · 1tt Channel I LG 00 ::\lode I ~ • • • 1st Channel [LP 00 Mode) 
- - - 2nd Channel I LC 10 ::\lode) -- -2nd Channel (LP 10 ode] 

20 40 60 80 100 20 40 60 80 100 
Range (km) Ra~ (km) 

(a) (b) 

Figure 4.18. Transmission of LG 00 and LG 10 Channels (a) SNR and (b) Total 
Power 

Figure 4.18 (b) displays that the total power received at the receiver for LG 00 mode 

is 53.12 dBm, -62.96 dBm and -76.65 dBm for an FSO link of 20 km, 60 km and 100 

km respectively whereas for LG 10 mode, the total power is -61. 67 dBm, -71.42 dBm 

and -85.62 dBm for an FSO link of 20 km, 60 km and 100 km respectively. This 

shows that under clear weather conditions the proposed Ro-FSO system will prolong 

to 90 km with the acceptable SNR and received power. 
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Figure 4.19. Constellations Diagram (a) LG 00 at 40 km (b) LG 00 at 100 km (c) LG 
10 at 40 km and (d) LG 10 at 100 km 

Figure 4.19 displays constellation diagrams of the proposed Ro-FSO transmission 

system under clear weather conditions which indicates that the constellation is more 

precise at 40 km for both Channels. However, as the link distance is increased up to a 

span of 100 km, the noise spectrum increases, thus distorting the constellation. The 

constellation for the LG 00 mode is clearer than the constellation for the LG 10 mode 

regardless of the distance. This happens as LG 00 collects more power than LG 10 

due to higher shape distortion in LG 10 with distance. 
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Figure 4.20. Under strong turbulences (a) SNR for LG 00 (b) Total Received Power 
for LG 00 (c) SNR for LG 10 and (d) Total Received Power for LG 10 

Figure 4.20 calculates the effect of scintillations for the system. For a LG 00 Channel 

under high turbulences in the form of scintillations, degradations of 13 .24 dB in SNR 

and -12.56 dBm in total received power are reported for a FSO length of 100 km. In 

case of the LG 10 Channel, degradations of 10 .22 dB in SNR and -10 .12 dBm in 

received power are reported at the same FSO length. This indicates that the proposed 

Ro-FSO system can extend up to 60 km under the effect of strong turbulences 
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together with acceptable SNR and received power. 

4.3.2 Case 2 Simulation set up of MDM Scheme by using HG modes 

The proposed OFDM-Ro-FSO transmission system with propagating HG modes 1s 

illustrated in Figure 4.21. 
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Figure 4. 21. Proposed Ro-FSO Transmission System by incorporating HG Modes 

Three independent 4 level quadrature modulation OFDM based Channels, each of 

carrying 20Gbps-40GHz signal are modulated over optical spatial carrier by modal 

multiplexing on three laser modes HG mode 00, HG mode 01 and HG mode 02 and 

are transmitted over FSO link of 50 km. 
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Figure 4.22. Excited HG Modes (a) HG 00 (b) HG 01 and (c) HG 02 

The HG mode is mathematically described as [213] 

In the equation 4.6, m and n represent the X and Y index that describe the mode 

dependencies for the X and Y-axis. R refers to radius of curvature and w0 is the spot 

size. Hm and Hn are the Hermite polynomials. A CW laser and HG mode generator is 

used to excite the HG modes as shown in the Figure 4.22. A 4 QAM sequence 

generator is used to generate the 20 Gbps of data by using 2 bits per symbol which is 

further modulated using OFDM 512 sub-carriers and 1024 FFT points. This OFDM 
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signals are again modulated at 7.5 GHz using QM modulator. A 40 GHz signal is 

mixed with this QM signal, further modulated by LiNb modulator driven by the CW 

source. These optical signals along with HG modes are transmitted over FSO link and 

received by the spatial APD photo-detector. At the reception side, a mode selector 

based on mean-squared error minimization is used to extract the required mode of 

particular wavelength from the optical signal. SOA is used as a post amplification 

technique. The FSO transmitter aperture and receiver apertures are set to 20 cm and 

30 cm respectively. A 40 GHz signal is again added after photodiode for the down 

conversion of signal. This electrical signal is then fed to the QM demodulator 

followed by an OFDM modulator and QAM decoder for the recovery of data. The 

atmospheric turbulences are considered as ideal for clear weather conditions. 

4.3.2.1 Results and Discussion 

This section presents and discusses the results from simulation. Figure 4.23 reveals 

the SNR and total received power for proposed Ro-FSO transmission system under 

clear weather conditions. From the Figure 4.23 (a), the values of SNR for HG mode 

00 is computed as 38.11 dB, 36.11 dB and 25.11 dB; for HG mode 01 as 31.12 dB, 

17 .22 dB and 11.16 dB and for HG mode 02 as 36.22 dB, 26.11 dB and 20.34 dB at 

the FSO link of 10 km, 40 km and 50 km respectively. 
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so, 

Consequently, the value of total received power for HG mode 00 is computed as -

54.11 dBm, -68.54 dBm and -74.11 dBm; for HG mode 01 as -68.12 dBm, -82.11 

dBm and-88.32 dBm; for HG mode 02 as -59.43 dBm, -73.11 dBm and -79.11 dBm 

at the transmission link of 20 km, 40 km and 50 km respectively. This indicates that 

under clear weather conditions, the excitation of HG mode 00 prolongs to FSO link to 

50 km, HG mode 01 prolongs the FSO link to 25 km and HG mode 02 prolongs the 

FSO link to 40 km with acceptable SNR and total received power. It also indicates 

that HG mode 01 is more affected to fading as compared to HG mode 00 and HG 

mode 02. The constellations and RF spectrum at the receiver side measured at 

distance of 50 km under clear weather conditions are shown in Figure 4.24 and Figure 

4.25. It is shown from Figure 4.24 (a), (b) and (c) the constellation diagram of HG 

mode 01 is more distorted as compared to HG mode 00 and HG mode 02. 
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Constellation at 50 km 
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Similarly, the RF spectrum measured at 50 km, reported in Figure 4.25 (a), (b) and 

(c), shows that the RF power of HG 01 mode is less as compared to HG mode 00 and 

HG mode 01 due to multipath fading. 

Thus, In this work, mode division multiplexing is adopted to transmit 3 X 20Gbps-40 

GHz OFDM-Ro-FSO transmission Channels using HG mode 00, HG mode 01 and 

HG mode 02 over FSO link of 50 km under clear weather conditions to realize the 

total transmission of 60 Gbps-120 GHz signal. From simulation results, it is 

concluded that HG mode 01 is more affected to severe multipath fading compared to 

HG mode 00 and HG mode 01. Under clear weather conditions, the HG mode 00 

prolongs to 50 km as compared to the HG mode 01 and HG mode 02 which prolongs 

merely to 25 km and 40 km respectively with acceptable SNR and total received 

power. 

4.3.3 Case 3 Simulation set up of MDM Scheme by using LG-HG modes with 

vortex lenses 

Figure 4.26 shows the proposed MDM-Ro-FSO model with LG and HG modes 

designed in OptiSystem ™. The model contains four independent OFDM subcarrier 

channels while each channel carries 20 Gbps data stream over a 40 GHz optical 

spatial carrier on four different laser modes: LG 02 mode with vortex lens m=2, LG 

03 mode with vortex lens m=5, HG 11 mode, and HG 12 mode as shown in Figure 

4.26. These modes are received from a continuous wave (CW) laser and multiplexed 

over free space, as shown in Figure 4.26. 
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Figure 4.27 continued. 

24.5 24.5 

2<l, 2<l, 

500 500 
10, 10, 

I 0 I 0 
> > 

-10 µ -1011 

500 500 

·2ll .2<J, 

.25 .15 
.,o, ·1011 0 10, 2<l, ·2<l• ·1011 0 10, 2<l, 

X(m) X(m) 

(c) (d) 

The vortex lens is used for applying phase to LG modes as shown in Figure 4.26. The 

following equation describes the applied phase [270]: 

1rn(x2 + y 2
) x 

T(x, y) = exp[- j----+ ma tan(-)] 
2lf y 

(4.7) 

where j=focal length, m is the vortex parameter, and n is the refractive index. The 

phase of exited modes generated with vortex lens is shown in Figure 4.27 (a) and (b ). 

1024 fast Fourier transform (FFT) points are used for generating and modulating four 

separate 20 Gbps four-level quadrature amplitude modulated (QAM) sequences on 

512 OFDM sub-carriers. These sets of OFDM subcarriers are further modulated by 

using Quadrature modulation (QM) on a 7.5 GHz radio subcarrier. Multiplexing and 

transmission of these QM signals take place over a 50 km free-space channel. A 

spatial Avalanche photo-detector (APD) and a 40 GHz optical carrier are used to 

retrieve the four MDM signals. These MDM signals are mode-division de­

multiplexed based on mean-squared error minimization of the spatial intensity 

distribution with an APD receiver aperture of 30 cm. 
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The value of attenuation for clear weather is considered as 0.14 dB/km; for thin fog, it 

is 9 dB/km; 15 dB/km for thick fog; and 22 dB/km for heavy fog [265, 266]. Post 

amplification process uses a semiconductor optical amplifier (SOA) with an injection 

current of 0.3A. A 7.5 GHz radio QM demodulator receives the retrieved electrical 

signal from the APD and initiates down-conversion. Further, an OFDM demodulator 

and QAM decoder receive the signal for recovering data. 

4.3.3.1 Results and Discussion 

Figure 4.28 shows signal-to-noise ratio (SNR) and total received power from the 

proposed Ro-FSO transmission system. The comparison of SNR and received power 

curves verifies that Channel 3 (HG mode 11) is the most dynamic, followed by 

Channel 1 (LG mode 02 with vortex m=2), Channel 4 (HG mode 12), and Channel 2 

(LG mode 03 with vortex m=5). As shown in Figure 4.28 (a) and (b), the value of 

SNR for Channel 1 (LG mode 02 with vortex m=2) is measured as 35.11 dB, 33.99 

dB and 32.45 dB respectively for a free-space link of 20 km, 40 km and 50 km 

respectively. For Channel 2 (LG mode 03 with vortex m=5), the SNR values are 

significantly lower, i.e. 29 .11 dB, 27 .23 dB and 26.11 dB respectively for a FSO link 

of 20 km, 40 km and 50 km respectively. 

102 



40 

30 
co 
~ 
er z .,, 

20 

10 

0 

·S 

SNR versus FSO Range 

-- • • • .. 
-+-Channel 1 LG 02 with vortex 2 ..,._Channel 2 LG 03 with vortex S 

10 

Channel 3 HG 11 

20 

- channel 4 HG 12 

30 

Range(km) 

(a) 

40 

Total received po,ver versus Range 

,: 

• :• • 

so 

... 
....,. Channel 1 LG 02 with VOl'tex 2 -a-Channel 2 LG 03 \!11th vortex S 

Ch.,11\nel 3 HG 11 - channel 4 HG 12 

10 50 

Range (kmt 

(b) 

Figure 4.28. Evaluation of SNR and Total Received Power 

For Channel 3 (HG 11 mode), the SNR values are higher than the SNR values for 

Channel 2 and are computed as 36.35 dB, 35.11 dB and 34.36 dB as compared to 
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Channel 4 (HG 12 mode) which shows SNR values of31.ll dB, 30.44 dB and 29.11 

dB for a free-space link of 20 km, 40 km and 50 km respectively. Consequently, 
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Figure 4.29. Measured Constellations at 50 Km (a) Channel 1 (b) Channel 2 (c) 
Channel 3 and ( d) Channel 4 

Figure 4.28 (b) shows that the values of total received power for Channel 1 is 

computed as -63.11 dBm, 66.34 dBm and-67 .75 dBm; for Channel 2 as -70.76 dBm, 
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72.95 dBm and -73.98 dBm; for Channel 3 as -63.83 dBm, 64.93 dBm and -65.98 

dBm; for Channel 4 as -68.54 dBm, 69.87 dBm and-70.86 dBm for a free-space link 

of 20 km, 40 km and 50 km respectively. 
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Figure 4.30. Measured PCC v/s Range (a) Channel 1 (b) Channel 2 (c) Channel 3 (d) 
Channel 4 

This indicates that maximum achievable distance for channel 1, channel 2, channel 3 

and channel 4 are 50 km with acceptable SNR and total received power. Figure 4.29 
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displays the measured constellations at a distance of 50 km, confirming that Channel 

2 is more affected by multipath fading as compared to Channel 1, Channel 3, and 

Channel 4. 

The results demonstrate that lower order HG modes are more robust to muti-path 

fading as compared to higher-order LG modes. This is due to the distortion of the 

transverse intensity profiles of higher order HG modes and higher-order LG modes 

with propagation distance. As propagation distance increases, the beam intensity 

gradually spills into the center of the beam for higher order HG modes and higher­

order LG modes. This distorts signal constellations and reduces the SNR. In case of 

improved SNR and link distance, they are attained with HG modes as their spatial 

profiles are more intact with propagation distance. As shown in Figure 4.30, the 

computation of the modal decomposition at the receiver occurs by means of linearly 

polarized modes in descending order of power coupling coefficient In case of 

Channel 1, the largest power coupling happens with mode LP 31 followed by LP 32, 

LP 33, LP 34 and LP 72; for Channel 2, the largest power coupling happens with LP 

21 followed by LP 22, and LP 23 ; for Channel 3, the largest power coupling happens 

with LP 53 followed by LP 34, LP 72, LP 91 , LP 15, LP 52 and LP 33 ; for Channel 4, 

the largest power coupling happens with LP 24 followed by LP 05, LP 81 , LP 43, LP 

23 and LP 62. 

Figure 4.31 represents performance of proposed system under influence of 

atmospheric turbulences. When the clear weather changes to turbulent, the value of 

SNR for Channel 1 is computed as 35.11 dB, 32.23 dB and 24.68 dB under light fog; 

for thin fog it is computed as 34.43 dB, 28.32 dB and O dB and for heavy fog it is 

computed as 34.21 dB, 25.08 dB and O dB at FSO link of 1 km, 2 km and 4 km 

respectively. 
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Figure 4.31. Measured SNR and Total Received Power under atmospheric 
turbulences 

Similarly, the value of total received power for Channel 1 under light fog is noted as -

63.32 dBm, -66.78 dBm and -76 dBm; for thin fog it is noted as -63.13 dBm, -71.43 

dBm and -100 dBm and for heavy fog it is noted as -64.43 dBm, -74.41 dBm and -100 

dBm at FSO link of 1 km, 2 km and 4 km respectively. This indicates that the FSO 

link prolongs to 50 km under clear weather conditions as the weather changes to thin 

fog, FSO link prolongs to 4 km whereas when weather changes to thick and heavy 

fog, the FSO prolongivity reduces to 3 km and 2 km respectively with acceptable 

SNR and total received power. 

Ro-FSO technology provides a universal platform for seamless integration of radio 

and optical networks for distributing millimeter waves in WLANs without expensive 

optical fiber cabling. While inspecting the performance of simultaneous mode 

division multiplexing of four modes - LG 02 with vortex m=2, LG 03 mode with 

vortex m=5, HG 11 mode, and HG 12 mode - to transmit four radio OFDM Channels 

over FSO link of 50km, the study finds out that Channel 2 is more affected by 

multipath fading in comparison to other three Channels. Under clear weather 
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conditions, the maximum distance achievable by Channel 1, Channel 2, Channel 3 

and Channel 4 are 50 km with acceptable SNR and total received power. As the 

atmosphere changes from clear weather to light fog, the FSO link prolongs to 4 km 

and when atmosphere is further changes from light fog to thin and heavy fog, the FSO 

link prolongs to 3 km and 2 km respectively with acceptable SNR and total received 

power. 

4.4 Summary 

In this chapter, MDM scheme is designed for hybrid OFDM-Ro-FSO transmission 

system. This chapter is divided into three phases. 

Phase 1 is focused on the design of 10 Gbps-OFDM-FSO transmission system under 

the influence of atmospheric turbulences. The reported results indicate that under 

clear weather conditions, the FSO link prolongs to 180 km whereas under the 

influence of heavy fo g, the FSO link prolongs to 2.5 km with acceptable SNR and 

total received power. r a 

Phase 2 is focused on the integration of radio carrier of 40 GHz to 20 Gbps-OFDM­

FSO transmission system under the influence of atmospheric turbulences. The LG 

modes are also investigated for transmission of Ro-FSO Channel. The reported results 

show that under clear weather conditions, in case of LG 00 and LG 02 modes, the 

FSO link prolongs to 100 km whereas in case of LG 04 mode, the FSO link prolongs 

to 60 km with acceptable SNR and total received power. When the atmosphere 

changes from clear weather to turbulent weather, the FSO link prolongs to 9 km under 

the influence of haze, 4.9 km under the influence of thin fog, 3.4 km under the 

influence of thick fog and 2.8 km under the influence of heavy fog with acceptable 

SNR and total received power. 

108 



Phase 3 is focused on the design of MDM scheme for OFDM-Ro-FSO transmission 

system. This phase is further divided into three cases: 

Case 1 is focused on the adoption of LG modes for MDM scheme in OFDM-Ro-FSO 

systems. In this case, two Channels, each carrying 20 Gbps-40 GHz data, are 

transmitted by using MDM of LG O 1 and LG 10 modes over FSO link. The reported 

results indicate that under clear weather conditions, the FSO link prolongs to 100 km 

whereas in case of atmospheric scintillations, the FSO link prolongs to 65 km with 

acceptable SNR and total received power. 

Case 2 is focused on the adoption of HG modes for MDM scheme in OFDM-Ro-FSO 

transmission system. In this case, three Channels, each carrying 20 Gbps-40 GHz 

data, are transmitted by using MDM of HG 00, HG 01 and HG 02 modes over FSO 

link. The reported results show that under clear weather conditions, in case of HG 00 

mode, the FSO link prolongs to 50 km whereas in case of HG 01 and HG 02 modes, 

the FSO link prolongs to merely 25 km with acceptable SNR and total received 

power. r a 

Case 3 is focused on the adoption of LG modes with vortex lens and HG modes for 

MDM scheme in Ro-FSO transmission systems. In this case, four Channels, each 

carrying 20 Gbps-40 GHz data, are transmitted by using MDM of LG 02 with vortex 

lens m=2, LG 03 mode with vortex lens m=5, and HG 11 and HG 12 modes over FSO 

link. The reported results indicate that under clear weather conditions, the FSO link 

prolongs to 50 km; under the influence of thin fog, it prolongs to 4 km; under the 

influence of thick fog, it prolongs to 3 km whereas under the influence of heavy fog, 

FSO link prolongs to 2 km with acceptable SNR and total received power. 

Thus, from the all the phases as shown in this chapter, it shows that an average 

significant 50% power improvement in deep fades from multi-path propagation with 

the use of OFDM in MDM-Ro-FSO systems as compared to without OFDM. 
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CHAPTER FIVE 

PCF-MDM-RO-FSO TRANSMISSION SYSTEM 

In the previous chapter, Orthogonal Frequency Division Multiplexing (OFDM) was 

introduced to design Radio over Free Space (Ro-FSO) transmission system in 

conjunction with mode division multiplexing (MDM) scheme. This chapter is focused 

on designing of Ro-FSO transmission system by using photonic crystal fibers (PCF) 

to mitigate mode coupling losses for short haul communication. This chapter is 

further divided into four cases as shown in Figure 5 .1. 

Case 1: 2x2.5Gbps-5GHz PCF-MDM-Ro-FSO 
Transmission System --------------------------

Case 2: 3x2.5Gbps-5GHz PCF-MDl\tl-Ro-FSO 
Transmission System --------------------------

Case 3: 2x2.5Gbps-5GHz Dual core PCF-MDM-Ro-FSO 
Transmission System --------------------------

Case 4: 3x2.5Gbps-5GHz Three corePCF-MDM-Ro­
FSO Transmission System 

Figure 5.1. Cases of PCF-MDM-Ro-FSO Transmission System 

Case 1 describes design of two channels Ro-FSO system by using two PCF's at 

transmitter side and two PC F's at receiver side, depicted in Section 5 .1. Case 2 is 

focused on designing of three channels Ro-FSO system by using three PCF's at 

transmitter side and three PCF's at receiver side, illustrated in Section 5.2. Case 3 

describes the transmission of two channels Ro-FSO system by using one dual core 

PCF at transmitter side and two single core PCF's at receiver side, illustrated in 

Section 5.3. Case 4 describes transmission of three channels Ro-FSO transmission 
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system by using one three core PCF at transmitter side and three single core PCF's at 

receiver side, illustrated in Section 5.4 followed by Section 5.5 which describes the 

summary of this chapter. Moreover, each phase is evaluated under the influence of 

atmospheric turbulences. 

5.1 Case 1: 2 x 2.5Gbps-5GHz PCF-MDM-Ro-FSO Transmission System 

In this case, two channels are transmitted by using two single core PCF's at 

transmitter side and received by using two single core PCF's at receiver side. Section 

5.1.1 discusses the simulation setup whereas Section 5.1.2 discusses the results and 

discussion. 

5.1.1 Simulation Setup 

A schematic diagram of 2 x 2.5Gbps-5GHz proposed MDM-PCF-Ro-FSO 

transmission system, simulated in OptSim TM and BeamProp™ software, is illustrated 

in Figure 5.2. Two independent non return to zero (NRZ) encoded channels, excited 

from two different PCFs, are transmitted over 2 km free space link. Each channel 

carries 2.5Gbps-5GHz data modulated simultaneously by LiNB3 optical modulator. 

Two distinct modes LG 00 and LG O 1 are excited from spatial laser. Channel 1 is 

operated on LG 00 mode in conjunction with PCF A whereas channel 2 is operated on 

LG 01 in conjunction with PCF B. Figure 5.3 represents internal core structures of 

PCF A and PCF B. Spatial laser is used to generate LG 00 and LG 01 modes, 

polarized in x-direction. 
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As shown in Figure 5 .4 ( c ), when LG 00 is launched into PCF A, 93 .1 % of power is 

computed in dominant mode at the output of PCF A with effective index of 1.45 

whereas when LG 01 mode is launched into PCF B, 92.9 % of power is computed in 

dominant mode at output of PCF B with effective index of 1.4 7. 
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Figure 5.4. Computed Mode Spectrum (a) After PCF A and (b) After PCF B 

Similarly, Figure 5.5 depicts the output modes from PCF A and PCE B. Coupling 

between mode groups is modelled based on an iterative method [271 ]: 

a 
(5.1) 

Where q is the mode number, ~(z, t) is the average power signal, vg is the group 

velocity, a q is the power attenuation coefficient, dq is the mode coupling coefficient 

between the mode groups q and q +I , kq and rq-i are degeneracy factors. The other 

parameters of PCF A, PCF B at transmitter side and PCF C, PCF D at receiver side 

are illustrated in Table 5 .1. The output of two channels is combined together and 

transmitted over FSO link having span of 2.5 km. 
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Figure 5.5. Transverse Mode Output at Transmitter Side (a) Channel 1- PCF A and 
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Table 5.1 

Parameters of PCFs at Transmitter Side 
Parameters PCF A PCF B 

No of Rings 

Diameter of Air 

Holes, d ( µ m) 

Distance between 
air holes, 

g (µm) 

4 

1 

2.3 

Ratio of Distance 
between Air holes 2.3 
to diameter of air 
holes, g/d 

5 

2 

5 

2.5 

PCFC PCFD 

4 5 

2 

2.3 5 

1.4375 2.5 

In order to evaluate the performance of the proposed Ro-FSO system under 

atmospheric turbulences, the typical value of atmospheric attenuation with 

corresponding visibilities are assumed at 0.14 dB/km for clear weather conditions 9 

dB/km for thin fog, 16 dB/km for thick fog and 22 dB/km for heavy fog [265, 266]. 

At the receiving side, splitter is used to split the optical beam into two PCFs C and D 
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to decompose the transmitted modes. The structures of PCF C and PCF D are slightly 

different and flipped with respect to PCF A and PCF B so that relevant mode is 

selected as shown in Figure 5.6. 
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Figure 5.6. PCF Structures (a) PCF C and (b) PCF D 
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The effective index of PCF C is set at 1.45 in order to synchronize with PCF A 

whereas effective index of PCF D is set at 1.4 7 in order to synchronize with PCF B. 

After the PCFs, the optical beam is converted to electrical signal with the help of 

spatial photodetector followed by Bit error rate tester. 

5.1.2 Results and Discussion 

This section represents the results obtained from simulation setup of proposed MDM­

PCF-Ro-FSO transmission system. Figure 5.7 represents the measured spectrum 

before the PCFs as well as after the PCFs at receiving side. It has been reported that 

80% of optical power in dominant mode is achieved at output of PCF C with effective 

index of 1.45 whereas 85 .1 % of power in dominant mode is achieved at output of 

PCF D with effective index of 1.47 whereas without PCF only 25 % and 30 % of 

power is noted in dominant modes for both Channel and Channel 2 respectively. 
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Figure 5. 7. Computed Mode Spectrum at Receiver Side (a) after FSO channel 1 (b) 
after FSO channel 2 ( c) after PCF C and ( d) after PCF D 

PCF C and PCF D are used to compensate mode coupling losses introduced in FSO 

transmission channel. Similarly, Figure 5.8 shows the measured BER of channel 1 

and channel 2 with and without PCF conjunction. High improvement in BER is noted 

in case of PCF conjunction as compared to without PCF equalization. 
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Figure 5.9. Received Modes at FSO link of 2 km (a) Channel 1- PCF C and (b) 
Channel 2-PCF D 

2.5 

0 

00 

The value of BER for Channel 1 with PCF equalization is computed as 3.6292 x 10-19
, 

2.5599 x 10-11 and 5.0078 x 10-7 as compared to without PCF equalization for which it 

is noted as 3.3421 x 10-6
, 2.4526 x 10-1 and 1 at the FSO transmission link of 1000 m, 

2000 m and 2500 m respectively. 
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Figure 5.10. Measured Diagrams (a) Channel 1 at 2000 m (b) Channel 1 at 2500 m 
(c) Channel 2 at 2000 m and (d) Channel 2 at 2500 m 

Consequently, the value of BER for Channel 2 with PCF equalization is computed as 

1.1828 x 10-19
, 1.1695 x 10-15 and 4.0422 x 10-11 as compared to without PCF 

equalization for which it is noted as 2.4351 x 10-7
, 3.5434 x 10-1 and 1 at the FSO 

transmission link of 1000 m, 2000 m and 2500 m respectively. Figure 5.9 represents 

the received modes after PCF C and PCF D. The measured eye diagrams are shown in 

Figure 5.10 which indicates that with PCF equalization, the FSO link prolongs to 2.5 

km with acceptable BER and eye diagrams. 
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Figure 5.11. Evaluation of Proposed PCF-MDM Transmission System under 
atmospheric turbulences (a) Channel 1 and (b) Channel 2 

Similarly, Figure 5.11 represents evaluation of proposed PCF-MDM transmission 

system under the influence of atmospheric turbulences. It indicates that under 

influence of thin fog the value of BER for Channel 1 is computed as 1.7157 x 10·20 

and 1.9138 x 10·12 
; under thick fog it is 3.7344 x 10·19 and 1.6031 x 10·4 

; under 

heavy fog it is 2.5599 x 10·11 and 1 whereas for Channel 2, under influence of thin 

fog, it is computed as 1.8737 x 10·20 and 1.2229 x 10·16
; under thick fog it is 1.2026 x 
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10-19 and 1.2471 x 10-7
; under heavy fog it is 1.1695 x 10-15 and 1 at FSO transmission 

link of 200 m and 600 m. Thus under atmospheric turbulences, the FSO link for 

Channel 1 and Channel 2 prolongs to 600 m under thin fog, 400 m under thick fog 

and 200 m under heavy fog with acceptable BER. 

In this work, two independent channels, each carrying 2.5 Gbps-5 GHz NRZ encoded 

data, operated on LG 01 in conjunction with PCF A and LG 02 in conjunction with 

PCF B are transmitted over FSO link having span of 2.5 km. The results are reported 

in terms of received spatial profiles of transmitted modes, mode spectrum at receiver 

side, BER and eye diagrams. It is concluded from the reported results that each 

channel is transmitted and received successfully over 2.5 km FSO link with 

acceptable BER and eye diagrams. The use of PCF both at transmitter side as well as 

receiver side shows significant improvement in data transmission. Under clear 

weather conditions, the FSO link for both channels prolongs to 2.5 km with 

acceptable BER whereas when atmospheric conditions are changes to thin Fog, it 

prolongs to 600 m; for thick Fog it prolongs to 400 m; for heavy fog it prolongs to 

200 m with acceptable BER. 

5.2 Case 2: 3 x 2.5Gbps-5GHz MDM-PCF-Ro-FSO Transmission System 

In this case, three channels are transmitted by using three single core PCFs at 

transmitter side and received by using three single core PCF's at receiver side. Section 

5.2.1 discusses the simulation setup whereas Section 5.2.2 discusses the results and 

discussion. 
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5.2.1 Simulation Setup 

Figure 5.12 represents the schematic diagram of proposed MDM-PCF-Ro-FSO 

transmission system. The proposed system is modelled in OptSim 1M and BeamProp TM 

software. 
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Figure 5.12. 3 x 2.5Gbps-5GHz MDM-PCF-Ro-FSO Transmission System 

As shown in Figure 5.12, PCF A, PCF B and PCF C are used to transmit three 

channels carrying 2.5 Gbps-5 GHz data. Channel 1 is operated on LG 00 mode in 

conjunction with PCF A having effective index of 1 .45, Channel 2 is operated on LG 

01 mode in conjunction with PCF B having effective index of 1.4 7 whereas Channel 3 

is operated on LG 02 mode in conjunction with PCF C having effective index of 1.47. 

LG 00, LG 01 and LG 02 modes are generated from spatial lasers. 
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Figure 5.13. Core Structure of PCF at Transmitter Side (a) PCF A (b) PCF B and (c) 
PCFC 

Figure 5.13 shows the core structure whereas Figure 5.14 represents the computed 

mode spectrum analysis of PCF A, PCF B and PCF C. 
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Figure 5.14. Computed Mode spectrum of PCF at Transmitter Side (a) PCF A (b) 
PCF Band (c) PCF C 

As shown in Figure 5 .14, when LG 00 mode is launched into PCF A, 93 .1 % of power 

is measured in dominating mode at its output; when LG 01 is launched into PCF B, 

93 % of power is measured in dominating mode at its output whereas when LG 02 is 

launched into PCF C, 92% of power is measured in dominating mode at its output. 
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Figure 5.15. Spatial profiles of transverse modes at output (a) PCF A (b) PCF B and 
(c) PCF C 

The output of all channels are combined together and transmitted over FSO link 

having a span of 2.5 km. The spatial profile of output modes from PCF A, PCF B and 

PCF Cat transmitter side is shown in Figure 5.15. 

At the receiver, splitter is used to split the signal into PCF D, PCF E and PCF F for 

decomposition of transmitted modes. The internal core structures of PCF D, PCF E 

and PCF F are slightly different and flipped from PCF A, PCF B and PCF C in order 

to select relevant mode with relevant effective indexes as shown in Figure 5.16. 
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Figure 5.16. Core Structures of PCF at receiver side (a) PCF D (b) PCF E and (c) 
PCFF 

Table 5.2 

Parameters of SC-PCFs 
Parameters PCFA PCFB PCFC PCF D PCFE PCFF 

No of Rings 
4 5 7 4 5 7 

Diameter of 
Air Holes, 1 2 1 1.6 2 1 
d(µm) 

Distance 
between air 
holes, 2.3 5 7 2.3 5 7 

g(µm) 

Distance 
between Air 

2.3 2.5 7 1.4375 2.5 7 
holes/diameter 
of holes 
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The other parameters of PCFs at transmitter as well as receiver are shown in Table 5.2 

5.2.2 Results and Discussion 
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Figure 5 .17 continued. 
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In this section, results obtained from modelling of proposed MDM-PCF-Ro-FSO 

transmission system 1s presented and discussed. It shows that 87.4% of power is 

received in dominant mode at output of PCF D with effective index of 1.45 as 

compared to 20 % of power in dominant mode before PCF D, 81.4% of power is 

achieved in dominant mode at output of PCF E with effective index of 1.47 as 

compared to 40 % in dominant mode before PCF E and 92.5% of power is received in 
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Figure 5.18. BER vs. FSO Range 
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dominant mode at output of PCF F with effective index of 1.49 as compared 20 % of 

power in dominant mode before PCF F. Figure 5 .18 shows the measured BER 

against FSO range under clear weather conditions. 
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Figure 5.19. Measured Eye Diagrams at 2500 m FSO link (a) Channel 1 (b) Channel 
2 and ( c) Channel 3 

The value of SNR for Channel 1 is computed as 2.1495 x 10-16
, 1.7159 x 10-11 and 

2.2444 x 10-7
; for Channel 2 it is computed as 3.8812 x 10-19

, 1.5679 x 10-13 and 

4.0713 x 10-9
; for Channel 3 it is computed as 2.0172 x 10-15

, 6.3333 x 10-11 and 

2.8230 x 10-7 at FSO range of 1500m, 2000m and 2500m. The measured eye 

diagrams for Channel 1, Channel 2 and Channel 3 at 2500 m FSO transmission link in 
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F 

Figure 5 .19 shows that all channels are transmitted and received successfully under 

clear weather conditions. Figure 5.20 represents measured spatial profile of received 

modes for PCF D, PCF E and PCF F. The evaluation of proposed 3 x 2.5Gbps-5GHz 

MDM-PCF-Ro-FSO transmission system under atmospheric turbulences is shown in 

Figure 5.21. It indicates that under influence of thin fog the value of BER for 

Channel 1 is computed as 1.0693 x 10-20 and 1.6865 x 10-12
; under thick fog it is 

3.7741 x 10-19 and 1.1525 x 10-3
; under heavy fog it is 1.7519 x 10-11 and 1 ; for 

Channel 2, under influence of thin fog it is computed as 1.1252 x 10-20 and 1.1186 x 
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10-14
; under thin fog it is 2.1573 x 10-22 and 1.7647 x 10-4; under heavy fog it is 

1.5679 x 10-13 and 1 whereas for Channel 3, under influence of thin fog it is computed 

as 2.5500 x 10-20 and 8.0043 x 10-12
, under thin fog, it is computed as 2.8995 x 10-18 

and 7.8301 x 10-4, under heavy fog, it is computed as 6.3333 x 10-11 and 1 at FSO 
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Figure 5.21. Evaluation of proposed MDM-PCF transmission system under 
atmospheric turbulences (a) Channel 1 (b) Channel 2 and (c) Channel 3 
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Figure 5 .21 continued. 
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transmission link of 200 m and 600 m. It indicates that FSO link prolongs to 600 m 

under light fog, 400 m under thin fog whereas it prolongs to only 200 m under the 

influence of heavy fog. 

In this work three independent channels, each carrying 2.5 Gbps-5 GHz data, are 

transmitted over 2.5 km FSO link by adopting MDM in conjunction with SC-PCF. 

Three PCFs are used to transmit three channels with different effective indexes 

whereas three PCFs are used to receive and separate channels with same effective 

indexes at receiver side. The results from modelling of proposed MDM-PCF-Ro-FSO 

transmission system show successful transmission of all channels with acceptable 

BER. It is reported that under clear weather conditions, FSO link prolongs to 2.5 km. 

When the atmosphere changes to light fog, FSO link prolongs to 600 m and when it 

changes to thin fog, the FSO link prolongs to 400 m whereas when atmosphere 

changes to heavy fog, FSO prolongs to only 200 m. 
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5.3 Case 3: Two Mode Dual core PCF-Ro-FSO Transmission System 

In this case, two Ro-FSO channels are transported over FSO link by using one dual 

core PCF at transmitter side and received by using two single core PCF at receiver 

side. Section 5 .3 .1 discusses the simulation setup whereas Section 5 .3 .2 discusses the 

results and discussion. 

5.3.1 Simulation Setup 

Figure 5.22 below shows the proposed MDM-PCF-Ro-FSO system simulated in Opt­

Sim™ and Beam-Prop™ software. 
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Figure 5.22. Two mode MDM-PCF-Ro-FSO Transmission System 

APD 

APD 

BER 
Tester 

BER 
Tester 

The schematic diagram shows the transmission of two independent non return to zero 

(NRZ) encoded channels over 2 km free-space link using selective excitation from 

two different PCFs. LiNB3 optical modulator is used for modulating 2.5 Gbps-5 GHz 

in each of these channels. 
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Spatial laser then excites LG 01 mode. Dual core PCF A is used to generate two 

distinct modes with effective index of 1.426796 and 1.476784. Figure 5.23 shows the 

internal structure of dual core PCF A. 
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Figure 5.24. Computed Mode Spectrum of Dual Core PCF A 

Figure 5 .24 represents the computed mode spectrum at output of dual core PCF A 

which shows that with the launch of LG O 1 into PCF A, the output power of PCF A is 
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computed as 46.4% with the effective index of 1.426796 and 41.2% with effective 

index of 1.476784 in dominant mode. The output of PCF A is fed to two channels, 

each carrying 2.5 Gbps-5 GHz data. 
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1.5 1.45 

-10 0 

X(µm) 

(a) 

10 1.4 -10 0 

X(µm) 

(b) 

10 

Figure 5.25. Internal Structure of PCFs at Receiver Side (a) PCF B and (b) PCF C 

Table 5.3 

Parameters of PCFs at Transmitter Side 
Parameters PCFA PCFB PCFC 

No of Rings 
7 7 7 

Diameter of Air 
Holes, d (µm) 0.75 0.75 0.8 

Distance between air 
holes, 

2 2 7 
g (µm) 

Ratio of Distance 
between Air holes to 
diameter of air holes, 2.66 2.66 8.75 
g/d 

Background Index 1.45 1.45 1.44 
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At the receiving side, the optical beam is split into PCF B and PCF C using splitter for 

decomposing the transmitted modes. Figure 5.25 shows the structure of PCF B and 

PCF C. The other parameters of PCF A, PCF B and PCF C are described on Table 

5.3. Further, spatial photodetector and Bit error rate tester are used for converting the 

optical beam into electrical signal. 

5.3.2 Results and Discussion 

This section represents the results obtained from simulation set up of proposed dual 

core PCF-Ro-FSO transmission system. Figure 5.26 represents the measured 

spectrum after the PCFs at receiving side. It has been reported that 96.7 % of optical 

power in dominating mode is achieved at output of PCF B with effective index of 

1.426796 as compared to 30 % of power in dominating mode before PCF B where as 

96.3 % of power in dominating mode is achieved at output of PCF C with effective 

index of 1.476784 as compared to 30% of power before PCF C. Figure 5.27 

represents the received modes at receiver sides after FSO link of 2 km. PCF B and 

PCF C are used to compensate lost power and attenuation introduced in FSO 

transmission channel. 
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Figure 5 .26 continued. 
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Figure 5.29. Measured Eye Diagrams under clear weather conditions (a) Channel 1 at 
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It is noted that the value of BER for Channel 1 is computed as 4.7493 x 10-19 and 

7.3630 x 10-11 as compared to the Channel 2 for which it is noted as 5.1704 x 10-20 

and 3.5871 x 10-12 at the FSO transmission link of 1000 m and 2000 m respectively. 

The measured eye diagrams in Figure 5.29 clearly show that Channel 1 and Channel 2 

transmit successfully over 2 km FSO link under clear weather conditions. 
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Figure.5.30. Measured BER under atmospheric turbulences (a) Channel 1 and (b) 
Channel 2 

Figure 5.30 represents the measured BER at receiver side under the impact of 

atmospheric turbulences. It indicates that under influence of light fog the value of 
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BER for Channel 1 is computed as 1.5487 x 10-20 and 1.9578 x 10-12
; under thin fog it 

is 3.5687 x 10-19 and 1.3476 x 10-4
; under heavy fog it is 2.6748 x 10-12 and l ; for 

channel 2, under influence of light fog it is computed as 1.5634 x 10-2 1 and 1.9213 x 

10-13
; under thick fog it is 1.5435 x 10-20 and 2.3181 x 10-5

; under heavy fog it is 

1.4587 x 10-13 and 1 at FSO transmission link of 200 m and 600 m. 

In this work, two independent channels, each carrying 2.5 Gbps-5 GHz NRZ encoded 

data, operated on LG 01 in conjunction with dual core PCF A, with effective indexes 

of 1.426796 and 1.4 7 6784, are transmitted over FSO link having span of 2 km. The 

results are reported in terms of received spatial profiles of transmitted modes, mode 

spectrum at receiver side, BER and eye diagrams. It is concluded from the reported 

results that each channel is transmitted and received successfully over 2 km FSO link 

with acceptable BER and eye diagrams. The use of dual core PCF at transmitter side 

as well as single core PCF at receiver side shows significant improvement in data 

transmission. Under clear weather conditions, the FSO link prolongs to 2 km with 

acceptable BER. When the atmosphere changes to light fog, FSO link prolongs to 600 

m and when it changes to thin fog, the FSO link prolongs to 400 m whereas when 

atmosphere changes to heavy fog, FSO prolongs to only 200 m only with acceptable 

BER. 

5.4 Case 4: Three Mode three core PCF-Ro-FSO Transmission System 

In this case, three Ro-FSO channels are transmitted by using single three core PCF 

over 2 km FSO link and received successfully by three single core PCF's. Section 

5.4.1 discusses simulation setup whereas Section 5.4.2 discusses the results and 

discussion. 
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5.4.1 Simulation Setup 

Figure 5.31 below shows the proposed MDM-PCF-Ro-FSO system simulated in Opt­

Sim™ and Beam-Prop™ software. The schematic diagram shows the transmission of 

three independent non return to zero (NRZ) encoded channels by using three core 

PCF over 2 km free-space link and received by using selective excitation from three 

different PCFs. LiNB3 optical modulator is used for modulating 2.5 Gbps-5 GHz in 

each of these channels. Spatial laser then excites LG 01 mode. Three core PCF A is 

used to generate three distinct modes with effective index of 1.50, 1.40 and 1.01. 

2.5 
Gbps 

NRZ 
Encoder 

'-----~ LINB3 
Mod. 

Figure 5.31. Three mode MDM-PCF-Ro-FSO Transmission System 
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Figure 5 .31 shows the internal structure of dual core PCF A. The laser beam is 

coupled into 10 mm PCF structure. Figure 5.33 represents the computed mode 

spectrum at output of dual core PCF A which shows that with the launch of LG O 1 

into PCF A, the output power of PCF A is computed as 22 % in dominating mode 

with the effective index of 1.50, 33 % in dominating mode with effective index of 

1.40 and 20 % in dominating mode with effective index of 1.01. The output of PCF A 

is fed to three channels, each carrying 2.5 Gbps-5 GHz data. The output of Channel 

1, Channel 2 and Channel 3 is then combined and transmitted over 2 km FSO link. 
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Figure 5. 33. Computed Mode Spectrum of Three Core PCF A 
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Figure 5. 34. Internal Structure of PCFs at Receiver Side ( a) PCF B (b) PCF C and ( c) 
PCFD 
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At the receiving side, the optical beam is split into PCF B, PCF C and PCF D using 

splitter for decomposing the transmitted modes. Figure 5 .34 shows the structure of 

PCF B PCF C and PCF D. The other parameters of PCF A, PCF B, PCF C and PCF D 

are described on Table 5.4. Further, spatial photodetector and Bit error rate tester are 

used for converting the optical beam into electrical signal. 

Table 5.4 

Parameters of PCFs at Transmitter Side 
Parameters PCF A PCF B 

No of Rings 
Diameter of Air 
Holes, d ( µ m) 

Distance between 
air holes, 
g(µ m) 

Ratio of Distance 
between Air 
holes to diameter 
of 
air holes, g/d 

7 

0.75 

2 

5.4.2 Results and Discussion 

4 

1 

2.3 

PCFC 

4 

1 

2.4 

PCFD 

4 

1.14 

2.4 

2.10 

a 

This section represents the results obtained from simulation set up of proposed three 

core PCF-Ro-FSO transmission system. Figure 5.35 represents the measured 

spectrum after the PCFs at receiving side. It has been reported that 88.4 % of optical 

power in dominating mode is achieved at output of PCF B with effective index of 

1.50 as compared to 20 % in dominating mode before PCF B, 88.3 % of power is 

achieved in dominating mode at output of PCF C with effective index of 1 .40 as 

compared to 20 % in dominating mode before PCF C whereas 85 % of power in 

dominating mode is achieved at output of PCF D with effective index of 1.01 as 

compared to 20 % in dominating mode before PCF D. Figure 5.36 represents the 

received modes at receiver sides after FSO link of 2 km. PCF B, PCF C and PCF D 
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are used to compensate lost power and attenuation introduced in FSO transmission 

channel. 
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Figure 5.35. Computed Mode Spectrum at Receiver Side (a) Before PCF B (b) Before 
PCF C (c) Before PCF D (d) After PCF B (e) After PCF C and (f) After PCF D 
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Figure 5.36. Received Modes at FSO link of 2 km (a) Channel 1- PCF B (b) Channel 
2-PCF C and (c) Channel 3- PCF D 

The value of BER for proposed three core PCF-Ro-FSO transmission system under 

clear weather conditions is measured in Figure 5 .3 7. It is noted that the value of BER 

for Channel 1 is computed as 4.8855 x 10·19 and 6.4944 x 10·9 ; for Channel 2 it is 

noted as 1.1720 x 10-21 and 1. 62442 x 10-9 whereas for Channel 3 it is noted as 1.5195 

x 10-19and 3.1288 x 10·13 at the FSO transmission link of 1000 m and 2000 m 

respectively. The measured eye diagrams in Figure 5.38 clearly show that channel 1, 

channel 2 and channel 3 are transmitted successfully over 2 km FSO link under clear 

weather conditions. 
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Figure 5.37. Measured BER under clear weather conditions 
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Figure 5.38. Measured Eye Diagrams under clear weather conditions (a) Channel 1 at 
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Figure 5.38 continued. 
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Figure 5.39. Measured BER under atmospheric turbulences (a) Channel 1 (b) 
Channel 2 and ( c) Channel 3 
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Figure 5.39 continued. 

Bit Error Rate (BER) v.s FSO Range (Channel 3) 

Figure 5.39 represents the measured BER at receiver side under the impact of 

atmospheric turbulences. It indicates that under influence of light fog the value of 

BER for Channel 1 is computed as 4.9878 x 10-19 and 1.5824 x 10-11
; under thin fog it 

is 2.8746 x 10-17 and 1.8598 x 10-3
; under heavy fog it is 1.6509 x 10-10 and l; for 

Channel 2, under influence of light fog it is computed as 1.5845 x 10-20 and 1.5847 x 

10-14
; under thin fog it is 2.5487 x 10-20 and 2.4768 x 10-4; under heavy fog it is 

1.5698 x 10-14 and 1 whereas for Channel 3, under the influence of light fog it is noted 

as 2.5846 x 10-19 and 7.8765 x 10-13
, under thin fog it is 2.4589 x 10-18 and 6.7865 x 

10-5
, under heavy fog it is 5.8798 x 10-11 and 1 at FSO transmission link of 200 m and 

600m. 
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In this work, three independent channels, each carrying 2.5Gbps-5GHz NRZ encoded 

data, operated on LG O 1 in conjunction with three core PCF A, with effective indexes 

of 1.50, 1.40 and 1.01 , are transmitted over FSO link having span of 2 kms. The 

results are reported in terms of received spatial profiles of transmitted modes, mode 

spectrum at receiver side, BER and eye diagrams. It is concluded from the reported 

results that each channel is transmitted and received successfully over 2 km FSO link 

with acceptable BER and eye diagrams. The use of three core PCF at transmitter side 

as well as single core PCF at receiver side shows significant improvement in data 

transmission. Under clear weather conditions, the FSO link prolongs to 2 km with 

acceptable BER. When the atmosphere changes to light fog, FSO link prolongs to 600 

m and when it changes to thin fog, the FSO link prolongs to 400 m whereas when 

atmosphere changes to heavy fog, FSO prolongs to only 200 m only with acceptable 

BER. 

5.5 Summary 

This chapter is focused on the design of a new equalization scheme for Ro-FSO 

transmission system in order to compensate for the losses and mode coupling 

introduced during transmission through FSO channel. The equalization scheme is 

based on the utilization of PCF at transmitter side as well as at receiver side. 

Moreover, PCF at receiver side is also used as mode selector. Further, this chapter is 

divided into four phases. Case 1 is based on the design of two SC-PCFs to transmit 

two Ro-FSO channels, each carrying 2.5Gbps-5GHz data, and two SC-PCFs at the 

receiver side to receive the Ro-FSO channels. The reported results indicate the 

significant improvement with the use of PCF in Ro-FSO transmission system. Under 

clear weather conditions, the FSO link prolongs to 2.5 km whereas under the 

influence of light fog, thin fog and heavy fog, the FSO link prolongs to 600 m, 400 m 
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and 200 m respectively with acceptable BER and eye diagrams. Case 2 is based on the 

design of three SC-PCFs to transmit three Ro-FSO channels, each carrying 2.5Gbps-

5GHz data, and three SC-PCFs at the receiver side to receive three Ro-FSO channels. 

The reported results concluded that the FSO link prolongs to 2.5 km under clear 

weather conditions whereas under the influence of light fog, thin fog and heavy fog, 

the FSO link prolongs to 600 m, 400 m and 200 m respectively with acceptable BER 

and eye diagrams. Case 3 is based on the design of one dual-core PCF to transmit two 

Ro-FSO channels, each carrying 2.5Gbps-5GHz data, and two SC-PCFs at the 

receiver side to receive Ro-FSO channels. The reported results depicted that the FSO 

link prolongs to 2 km under clear weather conditions whereas under the influence of 

light fog, thin fog and heavy fog, the FSO link prolongs to 600 m, 400 m and 200 m 

respectively with acceptable BER and eye diagrams. Case 4 is based on the design of 

one three-core PCF to transmit three Ro-FSO channels, each carrying 2.5Gbps-5GHz 

data, and three SC-PCFs at the receiver side to receive Ro-FSO channels. The 

reported results show that the FSO link prolongs to 2 km under clear weather 

conditions whereas under the influence of light fog, thin fog and heavy fog, the FSO 

link prolongs to 600 m, 400 m and 200 m respectively with acceptable BER and eye 

diagrams. 
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CHAPTER SIX 

CONCLUSION AND FUTURE WORK 

This thesis focuses on the design and evaluation of OFDM-MDM and PCF-MDM 

scheme for integration with Ro-FSO transmission systems as a means for mitigating 

deep fading attenuation and mode coupling due to fog. The current chapter aims at 

describing an overall conclusion and future work of the thesis. Section 6.1 

summarizes the thesis and Section 6.2 elaborates the overall research contribution of 

the thesis whereas Section 6.3 briefly discusses the future scope of this research. 

6.1 Summary of Thesis 

This thesis is focused on designing MDM-OFDM and PCF-based equalization 

schemes for Ro-FSO transmission systems. Chapter 1 of this thesis has discussed the 

motivation for Ro-FSO systems along with the issues of inter-symbol interference and 

atmospheric turbulences in Ro-FSO systems affecting the transmission distance and 

capacity. The chapter has also discussed the scope and objectives of this research. 

Chapter 2 has provided an extensive overview of optical communications, RoF, FSO 

and Ro-FSO communication systems while highlighting their current multiplexing 

and modulation technologies in the wavelength, code, subcarrier and intensity 

domains. Recent developments in MDM experiments and simulations have 

highlighted the importance of MDM in enhancing data capacity and spectral 

efficiency in optical communications and particularly in FSO and RoF systems. 

However, there is still potential room for research in the application of MDM in Ro­

FSO systems for mitigation of atmospheric turbulence, increase in channel diversity 

and enhancement of spectral efficiency. This aims to fill this research gap. 
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Chapter 3 has described the extensive research methodology used in this thesis to 

ensure successful accomplishment of its research objectives. The research 

methodology contains four stages from DRM framework by Luicienne Blessing and 

Amaresh Chakrabarty. Stage 1 is focused on a comprehensive understanding of Ro­

FSO systems while addressing the problem statement and an overall research plan. 

Stage 2 provides an extensive literature review of previous works in optical 

communication systems related to the existing solutions and directions of Ro-FSO 

systems. Stage 3 is focused on designing a hybrid MDM-OFDM scheme for Ro-FSO 

systems while evaluating its performance under atmospheric turbulences. It also 

describes the design of a new PCF-based equalization scheme for the developed Ro­

FSO systems. Stage 4 aims at evaluating the performance of this PCF-based 

equalization scheme. 

Chapter 4 describes the design, simulations and evaluation of an MDM-OFDM Ro­

FSO MDM transmission system. There are three phases in this chapter: Phase 1 

describes the design of l0Gbps-OFDM-FSO transmission system under atmospheric 

turbulences. The results have shown that the FSO link prolongs to 180 km under clear 

weather conditions and 2.5 km under heavy fog with acceptable SNR and total 

received power. Phase 2 describes the integration of 40 GHz radio carrier to 20Gbps­

OFDM-FSO transmission system under atmospheric turbulences. It also investigates 

the LG modes for transmitting Ro-FSO channel. The results have shown that the FSO 

link prolongs to 100 km for LG 00 and LG 02 modes under clear weather conditions 

and 60 km for LG 04 mode with acceptable SNR and total received power. In the case 

of turbulent atmosphere, the FSO link prolongs to 9 km under haze, 4.9 km under thin 

fog, 3.4 km under thick fog and 2.8 km under heavy fog with acceptable SNR and 

total received power. Phase 3 describes the design of MDM-based OFDM-Ro-FSO 

transmission system where three cases are significant. Case 1 uses MDM of LG 01 
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and LG 10 modes for OFDM-Ro-FSO system while transmitting two channels, each 

carrying 20Gbps-40GHz data, over FSO link. The results have shown that the FSO 

link prolongs to 100 km under clear weather conditions and 65 km under atmospheric 

scintillations with acceptable SNR and total received power. Case 2 uses MDM of HG 

00, HG 01 and HG 02 modes for OFDM-Ro-FSO transmission system while 

transmitting three channels, each carrying 20Gbps-40GHz data, over FSO link. The 

results have shown that the FSO link prolongs to 50 km for HG 00 mode under clear 

weather conditions and merely 25 km for HG 01 and HG 02 modes with acceptable 

SNR and total received power. Case 3 uses MDM of LG 02 mode with vortex lens 

m=2 and LG 03 mode with vortex lens m=5 as well as of HG 11 and HG 12 modes for 

Ro-FSO transmission systems while transmitting four channels, each carrying 

20Gbps-40GHz data, over FSO link. The results have shown that the FSO link 

prolongs to 50 km under clear weather conditions, 4 km under thin fog, 3 km under 

thick fog and 2 km under heavy fo g with acceptable SNR and total received power. 

The reported results show a significant 4 7 % power improvement in deep fades from 

multi-path propagation with the use of OFDM in MDM-Ro-FSO systems as 

compared to without OFDM. 

Chapter 5 reports on the design, simulations and evaluation of a PCF-based 

equalization scheme for a Ro-FSO system. The PCF has been used both at the 

transmitter and receiver sides, as mode selector for the Ro-FSO transmission system 

and for compensating for mode coupling introduced during transmission through FSO 

channel. This chapter contains four cases. Case 1 is focused on the design of two SC­

PCFs for transmitting two Ro-FSO channels, each carrying 2.5Gbps-5GHz data, and 

two SC-PCFs at receiver side for receiving the Ro-FSO channels. The reported results 

show 90.6% improvement in power in the dominant mode as compared to without 

PCF. The reported results have shown that the FSO link prolongs to 
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2.5 km under clear weather conditions, 600 m under light fog, 400 m under thin fog 

and 200 m under heavy fog with acceptable BER and eye diagrams. Case 2 is focused 

on the design of three SC-PCFs for transmitting three Ro-FSO channels, each 

carrying 2.5Gbps-5GHz data, and three SC-PCFs for receiving three Ro-FSO 

channels. The results have shown that the FSO link prolongs to 2.5 km under clear 

weather conditions, 600 m under light fog, 400 m under thin fog and 200 m under 

heavy fog with acceptable BER and eye diagrams. Case 3 is focused on the design of 

one dual-core PCF for transmitting two Ro-FSO channels, each carrying 2.5Gbps-

5GHz data, and two SC-PCFs for receiving Ro-FSO channels. The results have shown 

that the FSO link prolongs to 2 km under clear weather conditions, 600 m under light 

fog, 400 m under thin fog and 200 m under heavy fog with acceptable BER and eye 

diagrams. Phase 4 is focused on the design of one three-core PCF for transmitting 

three Ro-FSO channels, each carrying 2.5Gbps-5GHz data, and three SC-PCFs for 

receiving Ro-FSO channels. The results have shown that the FSO link prolongs to 2 

km under clear weather conditions, 600 m under light fog, 400 m under thin fog and 

200 m under heavy fog with acceptable BER and eye diagrams. 

6.2 Research Contributions 

This thesis contains the following key research contributions: 

1. This thesis has proposed a high-speed hybrid MDM-OFDM- Ro-FSO 

transmission system for clear weather conditions with longer distance. The 

results, as described in Chapter 4, have demonstrated significant improvement 

in transmission capacity and distance in the proposed Ro-FSO system under 

clear weather conditions as compared to previous systems. 

2. This thesis has proposed a high-speed hybrid MDM-OFDM-Ro-FSO 

transmission system for various atmospheric turbulences, particularly for fog, 
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in order to increase the transmission distance. The results, as described in 

Chapter 4, have demonstrated significant improvement in transmission 

capacity and distance in the proposed Ro-FSO system under fog as compared 

to previous systems due to reduction in deep fading. 

3. A new PCF-based equalization scheme for Ro-FSO transmission system for 

clear weather conditions has been designed and numerically simulated. The 

results, as described in Chapter 5, have demonstrated significant improvement 

in Ro-FSO transmission system under clear weather conditions as compared to 

previous Ro-FSO systems due to reduction in mode coupling. 

4. A new PCF-based equalization scheme for Ro-FSO transmission system for 

atmospheric turbulences, particularly for fog has been designed and 

numerically simulated. The results, as described in Chapter 5, have 

demonstrated significant improvement in Ro-FSO transmission system under 

fog as compared to previous Ro-FSO systems due to reduction in mode 

coupling. r a a 

5. A new PCF-based mode selector for MDM in Ro-FSO transmission systems 

has been designed and numerically simulated. 

6.3 Future Work 

The following future work may be suggested: 

1. This thesis has used QAM modulation scheme for MDM-OFDM-Ro-FSO 

transmission system. In addition to QAM, other digital modulations such as 

quadrature phase shift key (QPSK), differential phase shift key (DPSK), phase 

shift key (PSK) etc. can be used for evaluating the performance of MDM­

OFDM-Ro-FSO transmission system. 
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2. This thesis has used direct detection scheme for MDM-OFDM-Ro-FSO 

transmission system. Apart from direction detection, coherent detection 

scheme may be used for evaluating the performance ofMDM-OFDM-Ro-FSO 

transmission system. 

3. This thesis has designed PCF-based equalization scheme for MDM-Ro-FSO 

transmission system. Other equalization schemes may be used for mitigation 

of mode coupling in a MDM-Ro-FSO transmission system. 

4. This thesis has evaluated the performance of the proposed OFDM-MDM-Ro­

FSO and PCF-MDM-Ro-FSO systems under fog. In addition to fog, the 

performance of these proposed systems may be evaluated under rainfall and 

snowfall. 
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